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ABSTRACT 
 
In speech perception tasks with ambiguous bottom-up information, lexical 
processes have been shown to influence listener responses, such as in phoneme 
categorization tasks (Ganong, 1980). Proponents of interactive theories of speech 
perception and spoken word recognition assert this influence is a top-down feedback 
mechanism that can affect bottom-up perceptual processes (e.g., McClelland & Elman, 
1986). While robust influences on phoneme perception have been reported in multiple 
studies (Connine & Clifton, 1987; Ganong, 1980; Gow, Segawa, Ahlfors, & Lin, 2008; 
Pitt & Samuel, 1993; among others), some phonetic contrasts, particularly those that 
distinguish place of articulation, have been tested in very limited circumstances. 
Furthermore, there is little research testing this phenomenon with impoverished stimuli 
or under poor listening conditions, where interaction from lexical processes in phoneme 
perception may increase, provided that bottom-up input is sufficient to activate higher-
level processes.  
To determine the extent of lexical influences in perception, or the “lexical 
identification shift” (Pitt & Samuel, 1993) with previously untested stimuli in non-
degraded and spectrally-degraded conditions, a series of experiments analogous to 
Ganong’s (1980) paradigm were conducted. The first study investigated top-down 
influences in phoneme perception, including the contribution of coarticulation cues, in 
normal hearing adults. In the second study, the lexical identification shift was examined 
in multiple levels of spectral degradation with noise-vocoded (NV) speech. These 
vii 
experiments illustrate the interplay between top-down and bottom-up information in 
speech perception; specifically, the influence of top-down knowledge in identification of 
place-of-articulation contrasts, and the impact of spectral degradation on perception in 
these tasks. Results in the first study revealed a significant lexical identification shift with 
place-of-articulation phonetic contrasts across three separate experiments, providing 
further support for lexical interaction in speech perception. These results also 
established the contribution of coarticulatory information in relation to the lexical shift, 
which increased substantially with both a full continuum of stimuli and stimuli that are 
substantially more categorical. Mixed results were obtained in the second study, with a 
significant lexical identification shift in the 20-channel NV condition, and no significant 
differences in phoneme categorization with lexically-biased continua in undistorted, 10-
channel and 16-channel NV conditions. Furthermore, the lexical shift was smaller in the 
20-channel NV condition, compared to shifts observed in the first study that did not 
include spectrally-degraded stimuli. Overall, outcomes indicate that lexical influence in 
the perception of stop consonant place-of-articulation phonetic contrasts is restrained by 
spectrally-degraded input, with evidence of this restraint apparent in conditions with 
relatively low-levels of distortion.  
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CHAPTER 1: INTRODUCTION 
 
In speech perception and spoken word recognition, the role of bottom-up and 
top-down influences, and how these processes interact, can be nuanced and complex. 
Acoustic input is subject to interpretation from higher-order processes, and yet top-down 
processes can only come into play following at least some activation from bottom-up, 
sensory information. The assertion that lexical, or top-down, mechanisms can influence 
bottom-up perception of acoustic information has been widely debated, with support 
from proponents of interactive theories, such as TRACE (McClelland & Elman, 1986) 
and opposition from those who endorse autonomous theories of perception (e.g., 
Merge; Norris, McQueen & Cutler, 2000). In more recent studies utilizing 
neurophysiological measures, however, there is strong evidence of feedback from 
higher levels of processing to lower levels during auditory perceptual tasks (Gow et al., 
2008; Myers & Blumstein, 2008). Correlates to this interaction exist in studies of visual 
perception, in which top-down influences affect object (e.g., Bar, 2003) and facial 
recognition (e.g., Puce, Allison, & McCarthy, 1999), as well as figure-group perception 
(Hupé, James, Payne, Lomber, Gerard, & Bullier, 1998). Considering the bi-directional 
cortico-cortical connections in the human brain (Crick & Asanuma, 1986), it is 
reasonable to contend that both feedforward and feedback processes are present 
during speech perception.  
Top-down influences may be observed in various speech perception and word 
recognition tasks. For example, when listeners are presented with sentences that 
2 
contain phonemes that have been replaced by a tone or noise, they report the stimuli as 
intact, and cannot reliably identify those missing sounds (i.e., the phoneme restoration 
effect; Warren, 1970). Another widely studied example is the effect of lexical 
neighborhood in word recognition (e.g., Luce, 1986; Luce & Pisoni, 1998). When words 
occur frequently in the language and have few competitive “neighbors,” or phonemically 
similar words, they are recognized with greater accuracy than less frequently-occurring 
words that have many, phonemically similar, neighbors. Thus, lexical knowledge 
appears to play a role in the identification and recognition of both sounds and words.  
Of interest for these investigations is the influence of lexical status in the auditory 
identification of phonemes. This influence was first described in a seminal study by 
Ganong (1980), in which listener perception for phonetic contrasts varied depending on 
the lexicality of continuum endpoints. By manipulating voice-onset-time (VOT) cues, 
Ganong developed multiple onset-phoneme continua that were combined with vowel 
and coda syllables forming words and nonwords. Ganong hypothesized that the lexical 
status of the continua endpoints would influence the identification of stimuli in the 
phoneme boundary areas (i.e., stimuli with insufficient VOT cues for unambiguous 
identification). This hypothesis was supported across several experiments, with 
significant response differences between continua of the same phonetic contrasts, that 
was dependent on the word/nonword category of each endpoint. Figure 1.1, from 
Ganong’s (1980) Experiment 2, illustrates the shift in listener identification functions in 
the phoneme boundary area, with significant differences between continua that have 
word and nonword endpoints at opposite ends of a voice onset time continuum.  
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Figure 1.1. Results from Ganong’s Experiment 2: Proportion of voiced responses. Data 
are pooled for bilabial, alveolar, and velar stop consonants continua, showing the 
proportion of voiced phonemes identified by continua step as voice onset time. The 
“Ganong effect” was measured as the difference between these functions at the 
phoneme boundary area, established as the midway point between steps 3 and 4 on 
the continuum.  
Note. From “Phonetic categorization in auditory word perception,” by W. F. Ganong, 
1980, Journal of Experimental Psychology: Human Perception and Performance, 6(1), 
pg. 118. Copyright 1980 by American Psychological Association. Used with permission. 
 
 
To further demonstrate this paradigm, consider Ganong’s (1980) experiment with 
a six-step continuum derived from /t/-/d/ onsets. These onsets were appended to the 
syllables, “ash” and “ask,” creating two continua with opposing lexical bias. Thus, 
listeners categorized the onset phonemes in a nonword-word continuum with endpoints 
of “tash” and “dash,” and a word-nonword continuum with endpoints “task” and “dask.” 
Results showed that significantly more boundary area stimuli from the continuum with 
“tash-dash” were identified as /d/ than as /t/. With the “task-dask” continuum, however, 
the results were the opposite, as the percentage of /t/ responses was significantly 
4 
higher than /d/ at the same point along the continuum. In sum, perception for stimuli 
created with identical /t/-/d/ onsets differed depending on the lexical status of continua 
endpoints, indicating a “lexical identification shift” (Pitt & Samuel, 1993) of increased 
responses for phonemes that formed words, such as “dash” and “task,” compared to 
nonwords (“tash” and “dask”). Ganong (1980) attributed these results to higher-level, 
lexical influence on lower-level perceptual processes. Subsequent investigators, 
following Ganong’s experimental design, have reported a similar lexical identification 
shift in perception with adults (Connine & Clifton, 1987; Fox, 1984; Mattys & Wiget, 
2011; Mattys, Seymour, Atwood, & Munafò, 2013; Miller & Dexter, 1988; Pitt & Samuel, 
1993; Stewart & Ota, 2008) and in children (Chiappe, Chiappe, & Segal, 2001; Ota, 
Stewart, Petrou, & Dickie, 2015).  
The lexical identification shift observed in phoneme categorization tasks may be 
explained by interactive-activation models of speech perception, such as TRACE 
(McClelland & Elman, 1986). The Interactive model depicted in Figure 1.2(a) illustrates 
the flow of information in a feedforward and feedback fashion between multiple levels of 
processing, including interaction from lexical and pre-lexical levels with acoustic-
phonetic, or bottom-up, information. Therefore, when acoustic input is ambiguous, such 
as with stimuli in the boundary area of a phoneme continuum, activation from lexical 
levels feeds back to influence pre-lexical, phoneme level decisions. Subsequently, pre-
lexical feedback can also influence acoustic- or articulatory-levels of perception. With 
endpoint or near-endpoint stimuli that contain more definitive acoustic cues, however, 
feed-forward information produces strong enough activation to trigger phoneme level 
decisions even without support from a feedback mechanism. This interactive activation 
5 
is further illustrated in Figure 1.3, with the word recognition process of the TRACE 
model of speech perception. In this model, word recognition is influenced by excitatory 
(red) and inhibitory (blue) connections between and within the perceptual hierarchy, 
respectively.  
In contrast to interactive models, there are autonomous models of speech 
perception. Figure 1.2(b) depicts the schema of this theory, with activation flowing in a 
serial manner, with higher processing levels coming into play after acoustic-phonetic 
processing is complete. The “lexical effect” in an autonomous model is not considered 
to be a feedback mechanism, but as top-down input when there is a need to resolve any 
remaining ambiguities after lower level processing is complete (McClelland, Mirman, & 
Holt, 2006). One autonomous model is Merge (Norris et al., 2000), put forth to explain 
the separation between bottom-up and top-down processes. In the Merge model, 
acoustic input is processed in two different streams; one that is encoded at the 
phonemic level and one at a lexical level. After encoding is complete, these streams 
merge, at which point any decision-making process takes place (Norris et al., 2000). 
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Figure 1.2. Activation schemas for (a) Interactive and (b) Autonomous models of speech 
perception. Arrows represent the direction in which activation flows between levels of 
processing, and circles represent activation with a level. Note that the arrows in (a) are 
bidirectional, to show feedforward and feedback activation, while those in (b) show 
unidirectional activation.  
Note. From “Are there interactive processes in speech perception?” by J. L. McClelland, 
D. Mirman and L. L. Holt, 2006, Trends in Cognitive Sciences, 10(8), pg. 364. Copyright 
2006 by Trends in Cognitive Sciences by ELSEVIER LTD. Reproduced with permission 
of ELSEVIER LTD. In the format Thesis/Dissertation via Copyright Clearance Center. 
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Figure 1.3. Architecture of the TRACE model of speech perception. Arrows represent 
bidirectional activation between the feature and phoneme, and phoneme and word 
level, of perception. Circles represent within-level activation of phonemes and words. 
Note. From “Are there interactive processes in speech perception?” by J. L. McClelland, 
D. Mirman and L. L. Holt, 2006, Trends in Cognitive Sciences, 10(8), pg. 365. Copyright 
2006 by Trends in Cognitive Sciences by ELSEVIER LTD. Reproduced with permission 
of ELSEVIER LTD. In the format Thesis/Dissertation via Copyright Clearance Center. 
 
 
If bidirectional activation occurs in speech perception, as described by interactive 
models, increased lexical feedback may be expected with diminished acoustic input, 
provided bottom-up information is not so impoverished that potential lexical candidates 
are not activated. This position is consistent with studies investigating word recognition 
and effects of lexical neighborhood, in which influences on word identification are 
greater in noise conditions than in quiet (e.g., in adults; Luce, 1986; Luce & Pisoni, 
1998; in children; e.g., Eisenberg, Martinez, Holowecky, & Pogorelsky, 2002). There is 
also consistent evidence from studies conducted in less-than-ideal listening conditions, 
in which Ganong’s (1980) design was followed, and outcomes have shown both 
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increased and no difference in top-down feedback. Pitt and Samuel (1993), for example, 
report a comparable lexical identification shift between quiet and noise conditions, or 
when additional cognitive tasks, such as solving math equations, were introduced. 
Conversely, Gianakis and Winn (2016) found an increase in this shift when participants 
identified stimuli in NV speech. Others have shown that increased cognitive load with a 
visual search task results in larger top-down effects in phoneme perception, compared 
to the lexical identification shift observed in controls (Mattys & Wiget, 2011; Mattys & 
Scharenborg, 2014). In further study of the “lexical drift” (i.e., increased lexical 
identification shift when cognition is tasked), Mattys and Wiget provide evidence that 
cognitive load impacts bottom-up, sub-lexical processes, such that higher level 
influences are stronger. An impoverished listening condition, such as spectral 
degradation in which cues are absent or less-salient, can potentially provide a more 
direct measure of this interplay between lexical and sub-lexical processes. Thus, lexical 
influence in phoneme perception, as measured by the lexical identification shift, is 
expected to be impacted by degraded input, with increases in this effect moderated by 
increasing levels of degradation.  
The present set of studies were conducted to examine the trade-off of 
information between bottom-up and top-down sources using a categorical perception 
paradigm. The first study was comprised of a group of experiments designed to 
examine lexical influence in the perception of stop consonant place-of-articulation 
contrasts. These experiments established baseline performance and procedures for 
stimulus construction, the experimental task, and provided a basis to compare the 
potentially confounding effects of coarticulation, including an investigation with highly 
9 
categorical stimuli. The second study investigated the lexical identification shift in 
multiple conditions that included non-degraded and spectrally-degraded speech 
simulating listening with a cochlear implant. By examining the influence of spectral 
degradation on phoneme categorization with place of articulation contrasts, the 
interaction between bottom-up and top-down information was directly tested by 
manipulating acoustic input. These experiments utilized /tVCC/-/kVCC/ continua, with 
the endpoints in each continuum forming a word or nonword, per Ganong’s (1980) 
original design, as well as lexically-neutral stimuli. The lexical identification shift was 
quantified as the difference in phoneme categorization at the phoneme boundary for 
lexically-biased and neutral continua.  
Through further investigation of the lexical identification shift, these studies 
augment the research related to lexical influences in speech perception and 
demonstrate how spectral degradation can impact feedback processes. Specifically, 
study outcomes contribute to our understanding of the interactive nature of top-down 
and bottom-up processes, and thus interactive-activation theories of speech perception. 
From a clinical perspective, these experiments inform professionals about client reliance 
on higher-level knowledge to resolve perceptual ambiguity. The role of additional signal 
degradation has implications for individuals with hearing loss, particularly those who use 
cochlear implants, since degraded acoustic information can attenuate lexical activation 
in listeners who may have greater reliance on this top-down support. Thus, for example, 
perceptual training with lexical targets could be used to strengthen connections between 
tenuous bottom-up input and feedback processes. Conversely, utilizing nonword targets 
in perceptual training could be used to support auditory learning for acoustic contrasts 
10 
while minimizing top-down influences. Moreover, study outcomes support interventions 
designed to enhance lexical knowledge, to potentially strengthen lexical interaction 
when acoustic input is diminished due to sensory deficits or difficult listening 
environments.  
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CHAPTER 2: LEXICAL INFLUENCE IN PERCEPTION OF PLACE-OF-ARTICULATION 
PHONETIC CONTRASTS 
 
Abstract 
Speech perception is subject to influences from top-down processes, as when 
the categorization of phonetic contrasts differs depending on the lexical status of stimuli 
(Ganong, 1980). This effect, or “lexical identification shift” (Pitt & Samuel, 1993), is a 
robust one, observed across multiple studies with behavioral (Connine & Clifton, 1987; 
Fox, 1984; Ganong, 1980; Mattys & Wiget, 2011; Miller & Dexter, 1988; Ota, et al., 
2015; Pitt & Samuel, 1993, 2006; Reed, 1987; Stewart & Ota, 2008), and 
electrophysiological measures (Gow et al., 2008; Myers & Blumstein, 2008), and in 
different languages (Mattys & Scharenborg, 2014; Van Linden, Stekelenburg, 
Tuomainen, & Vroomen, 2007). While this phenomenon has been widely studied and 
supported with experiments utilizing voice-onset-time (VOT) continua, there is limited 
research, and mixed outcomes, with place-of-articulation or manner phonetic contrasts. 
The current study employed a novel approach for developing resynthesized place-of-
articulation continua, in order to create stimuli that closely approximate natural speech. 
To investigate the interplay between bottom-up and top-down processes, a series of 
experiments were conducted in which listeners categorized these continua. Experiment 
1 included /tVCC/-/kVCC/ continua with onsets that originated from a single /te/-/ke/ 
continuum. A second set of stimuli, with unique onsets for each continuum, was utilized 
in Experiment 2 to test the effect of coarticulatory cues in the lexical identification shift, 
12 
which was further examined in a follow-up experiment. A significant lexical identification 
shift was measured in all three phoneme categorization experiments, and the addition of 
coarticulatory information resulted in a significant increase in this effect. These 
outcomes provide further support for the interactive nature of speech perception, with 
evidence of top-down feedback influences on bottom-up phoneme categorization. 
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Background 
In speech perception, there are multiple processes at work. The acoustic signal 
is processed in a “bottom-up” fashion through the auditory system to higher-level areas 
of the brain for interpretation, but this course is not a one-way street. Lexical processes 
have been shown to aid listening, such as when context is used to fill in information 
obscured by a noisy environment (e.g., Nittrouer & Boothroyd, 1990). In addition to this 
post-perceptual support, lexical feedback can influence the perception of bottom-up 
input (Connine & Clifton, 1987; Ganong, 1980; Warren, 1970; among others). This 
phenomenon has been demonstrated with listeners who report “hearing” a phoneme 
that is absent in a sentence (Warren, 1970; Warren & Obusek, 1971), in research with  
compensation for coarticulation (Elman & McClelland, 1988), and in the categorization 
of phonemes, in which listener perception changes depending on the lexical status of 
the stimuli (e.g., Ganong, 1980). Overall, there is a robust body of research in support of 
top-down influences in speech perception. 
When communication occurs in ideal listening conditions and acoustic input is 
adequate for clear speech perception, there is likely little need for support from higher 
processing levels. Thus, for lexical effects in perception to be observed, the 
circumstances are less-than-ideal, such as a difficult listening condition or with 
ambiguous stimuli (Boothroyd & Nittrouer, 1988; Ganong, 1980; Samuel 1996b; among 
others). An early example of this influence is the phoneme restoration effect (Warren, 
1970), which occurs when speech segments in a sentence are masked by noise or 
replaced by a tone, and listeners not only fail to identify the “missing” sound, but also 
report that the sentence is intact (Warren, 1970; Warren & Sherman, 1974). Phoneme 
14 
restoration is also observed at the single word level, with increased effects with primed 
and more frequently-occurring words, and as word length increases (Samuel, 1981; 
Samuel, 1996a; Samuel, 1996b). Investigation of the neural processes underlying 
phoneme restoration indicates there are both early-stage auditory repair mechanisms 
and feedback from higher levels, including feedback that can initiate the lower level 
repair process (Shahin, Bishop, & Miller, 2009). Thus, phoneme restoration provides 
evidence for the interaction between feedforward and feedback processes that is 
described in interactive theories of speech perception. 
The Ganong Effect 
A measure of lexical influence in the identification of phonemes, and one that is 
utilized in the current study, involves the categorization of stimuli along some 
continuum. In a seminal study, Ganong (1980) created stop consonant continua varying 
in voicing cues (e.g., /t/-/d/), which formed the onsets for single syllable stimuli. In this 
design, the continuum endpoints are minimal pairs, with one endpoint forming a word, 
and the opposite a nonword. Multiple endpoints for each continuum are selected to 
create stimuli with opposing lexical bias, such as “task” and “dask,” contrasted with 
“tash” and “dash.” Listeners are instructed to categorize the onset phonemes, and 
identification functions between continua are compared. The relatively clear voice-
onset-time (VOT) information in endpoint and near-endpoint stimuli results in 
comparable identification responses. The stimuli in the middle of the continuum that do 
not have unambiguous VOT cues, however, are categorized differently. Thus, 
identification of ambiguous onsets from the same continuum reflects a shift in 
perception that is dependent on the lexical status of the endpoints. Ganong interpreted 
15 
this change in the categorization of phoneme boundary stimuli as evidence of the 
influence of lexical feedback on phoneme-level perception.  
Following Ganong’s (1980) findings, additional study of this phenomenon was 
conducted, including that of Connine and Clifton (1987) who added a measure of 
listener reaction time (RT) to further assess the role of interactive processes. With /t/-/d/ 
contrasts that replicated Ganong’s stimuli, RT was measured at the phoneme boundary 
and continuum endpoints. The shortest RTs were measured at the endpoints, and there 
was no difference in RT between continua in these regions. Thus, when stimuli were 
clearly word or nonword exemplars, it was posited that there was little or no lexical 
feedback (Connine & Clifton, 1987). In the area of the phoneme boundary, RT was 
significantly longer, which was expected given the ambiguity of the stimuli. Worthy of 
note, however, was the difference in RT that varied depending on the stimuli endpoints. 
That is, when listeners identified boundary area stimuli as phonemes that corresponded 
to endpoint words, RTs were significantly shorter compared to the identification of 
phonemes that would result in endpoint nonwords. In their findings, Connine and Clifton 
suggested that when stimuli are ambiguous, top-down feedback increases, resulting in 
a shorter RT for phonemes that would form words, versus nonwords, in the phoneme 
boundary area. In sum, when bottom-up, acoustic-phonetic input is insufficient for 
unequivocal phoneme identification, a measurable lexical effect in perception is 
observed. When stimuli are unambiguous, however, there is no indication of increased 
lexical activation. 
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Interpretations of the Ganong Effect 
Though Connine and Clifton (1987) were able to replicate Ganong’s (1980) 
outcomes, there are reports of substantial variability in the lexical identification shift, and 
the reliability of this effect has been questioned. Samuel (1996b) noted in his study of 
phoneme restoration that lexical influence in speech perception is “real and fragile” (p. 
49), in that it is measurable only under specific conditions. In several experiments and in 
their meta-analysis of the lexical identification shift, Pitt and Samuel (1993) reported that 
in 55 data sets examined, 40 indicated significant differences in phoneme 
categorization. Their analysis identified factors that contribute to a real and less-fragile 
lexical identification shift, such as word position of the target phoneme, type of phonetic 
contrast, method of presentation, and the number of ambiguous stimuli in the 
continuum. Most “Ganong” studies have investigated the lexical identification shift with 
onset phonemes, though stimuli-final contrasts have also been utilized (McQueen, 
1991; Pitt & Samuel, 1993, 2006). Pitt and Samuel (1993; 2006) found larger lexical 
influences with word-final contrasts, compared to phoneme categorization differences 
with word-initial targets. Moreover, outcomes with single-syllable word-final stimuli were 
more variable in terms of a significant shift in perception than those with three-syllable 
stimuli. Two reasons have been offered for the increase in lexical influence with word-
final, multiple-syllable stimuli: longer duration stimuli provide additional time for top-
down activation to occur, and multiple syllable words have less competition from other 
possible word options (Pitt & Samuel, 2006). This proposed build-up of lexical activation 
over time is further supported in studies that have included varying time windows for 
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responses in phoneme categorization tasks (Fox, 1984; Miller & Dexter, 1988; Pitt & 
Samuel, 1993). 
Additional considerations regarding the size or presence of a lexical identification 
shift are the type of phonetic contrast, and the lexical quality of the endpoints, as well as 
the contextual contrast within these words and nonwords. The more widely-studied 
word-initial voicing contrasts are shown to have, in general, consistent results with 
Ganong’s experimental design (Connine & Clifton, 1987; Ganong, 1980; Mattys & 
Wiget, 2011; Mattys et al., 2013; Miller & Dexter, 1988; Myers & Blumstein, 2008; Pitt & 
Samuel, 1993; Reed, 1987; Stewart & Ota, 2008). There are, however, some conflicting 
outcomes. For example, in experiments with continua of /t/-/d/ contrasts, a significant 
lexical identification shift was found by Ganong (1980) and Connine and Clifton (1987), 
while Pitt and Samuel (1993) and Burton, Baum, and Blumstein (1989) reported 
nonsignificant results. This specific phonetic contrast appears to be more fragile than 
others, and the lexicality of the endpoints can potentially minimize or increase that 
fragility. To illustrate, in Ganong’s experiment, the word “dash” was paired with “tash” in 
one continuum, and the word “task” was paired with “dask” in another. Stronger lexical 
feedback can be expected with familiar words such as “dash” and “task,” compared to 
Burton et al.’s endpoint words “duke” and “toot,” which were paired with nonwords “tuke” 
and “doot.” Taken altogether, however, there is robust support for lexical influence in the 
perception of VOT contrast continua (Chiappe et al., 2001; Connine & Clifton, 1987; 
Ganong, 1980; Lam, Xie, Tessmer, & Chandrasekaran, 2017; Mattys & Wiget, 2011; 
Mattys et al., 2013; Miller & Dexter, 1988; Myers & Blumstein, 2008; Ota et al., 2015; 
Pitt & Samuel, 1993; Stewart & Ota, 2008). 
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There are far fewer studies, and thus less is known, in relation to the lexical 
identification shift and other phonetic contrasts. Outcomes in studies utilizing the 
fricative /s/-/ʃ/ place-of-articulation contrast in word-initial (Gow et al., 2008) and word-
final (Pitt & Samuel, 2006) contexts are more consistent than those with stop consonant 
/b/-/d/ continua (Fox, 1984; Reed, 1987; 1989). Reed (1987) reported a significant, 
though smaller, lexical identification shift with word-initial /b/-/d/ continua compared to 
results with a VOT (/p/-/b/) contrast. In another study with stimuli containing different 
endpoint words and nonwords, however, Reed (1989) found no difference in phoneme 
categorization of /b/-/d/ stimuli by adults and typically-developing children, but a 
significant identification shift with children who have reading delays. It should be noted 
that the lexical quality of the endpoints of these continua, the less-familiar words “bop” 
and “dodge,” which may have reduced lexical activation in the control groups. The effect 
seen in the reading-delayed group is consistent with related studies in which greater 
reliance on lexical support has been observed in this population (Chiappe et al., 2001). 
Conversely, Fox’s (1984) findings with /b/-/d/ contrasts were consistent, with a lexical 
identification shift in three experiments, although this shift was smaller when contrast 
effects between onset and final phonemes were controlled. In sum, the lexical 
identification shift with stop consonant place-of-articulation contrasts, similar to that with 
/t/-/d/ stimuli, may be less stable and thus further subject to confounds related to the 
quality of the word and nonword endpoints.  
As noted by Fox (1984), phonetic contrasts are also an influencing factor in the 
categorization of phonemes. Specifically, stop consonant identification is impacted by 
articulatory contrast, in that phoneme boundaries will shift toward coda phonemes that 
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are more contrastive than the onsets (Alfonso, 1981). Fox sought to control for this 
possible confound, by selecting words and nonwords with coda phonemes with a similar 
place of articulation (i.e., alveolar). With this control in place, the lexical identification 
shift with /b/-/d/ continua remained significant, but was not as large as the shift with 
stimuli containing /d/ and /g/ in the coda positions. Thus, context, in this case the larger 
contrast between bilabial and velar stop consonants (i.e., /b/ and /g/ compared to /b/ 
and /d/), contributed to a shift in phoneme perception, independent of lexical processes. 
This consideration brings into question the overall role that coarticulation can play in 
speech perception. That is, while a standard Ganong (1980) paradigm requires a single 
continuum to test perception for a specific phonetic contrast, how would the lexical shift 
change with continua derived from word/nonword pairs that contain long-distance 
coarticulatory cues? In word recognition tasks, coarticulatory information has been 
shown to influence perception across intervening segments (Nguyen & Hawkins, 1999) 
as well as with adjacent phonemes (Fowler, 1985), and listeners likely make use of this 
information in their daily communication. Thus, testing the role of long-distance 
coarticulation with the lexical identification shift can further elucidate any additive benefit 
of this information in the perception of ambiguous speech.  
Theoretical Considerations 
The concept of lexical influence in speech perception has been questioned by 
those who assert that the shift in phoneme categorization is the result of listener bias for 
words that occurs only after bottom-up perceptual processing (Norris, et al., 2000). And, 
the increased effect observed with longer response latencies has provided support for a 
model with separate perceptual and lexical processes (Fox, 1984). The theory that top-
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down information is the result of post-perceptual bias is consistent with autonomous 
models of speech perception, in which acoustic-phonetic information is described as 
feeding forward in a strictly serial manner, and the lexicon plays a decision-making role 
only after bottom-up processing is complete (e.g., Merge; Norris, et al., 2000). Thus, in 
an autonomous model, acoustic information activates phonemic and lexical levels of 
processing, but these higher levels do not influence pre-lexical processing of acoustic 
cues. Proponents of this model have shown that what may appear to be a lexical 
influence, as reported by those who endorse interactive theories of speech perception, 
only occurs when stimuli are unnatural, and that any measurable differences in 
perception are due to artificial qualities (Burton, et al., 1989; McQueen, 1991). Others 
have shown that transitional probability and context effects influence speech perception 
(Fox, 1984; Pitt & McQueen, 1998), and thus these factors provide a level of uncertainty 
in the veracity of lexical feedback processes.   
In contrast to the serial nature of the flow of information described in autonomous 
models, there are interactive models of speech perception. In an interactive model, 
stored lexical representations can influence lower levels of processing, including 
phoneme perception, and the lexical identification shift is cited as evidence of this 
influence (Elman & McClelland, 1988; McClelland et al., 2006). To illustrate, in the 
interactive-activation model TRACE (McClelland & Elman, 1986) acoustic and 
articulatory information in the speech signal are described as moving in a bottom-up 
fashion, while excitatory bi-directional activation occurs across feature, phoneme and 
lexical levels of processing, with inhibitory activation also within each level (McClelland 
et al., 2006).  
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Compensation for Coarticulation 
Following development of the TRACE model, Elman and McClelland (1988) 
conducted a series of experiments designed to test for lexical feedback that included a 
form of phoneme restoration and perceptual compensation for coarticulation. 
Compensation for coarticulation is described as a bottom-up process that occurs when 
listeners unconsciously adjust their phoneme perception to anticipated coarticulatory 
effects from adjacent phonemes (Fowler, 1985; Diehl, Lotto, & Holt, 2004). In a test of 
this phenomenon, Mann (1986) paired the syllables /ɑl/ and /ɑr/ with consonant-vowel 
(CV) syllables. These CVs contained an ambiguous stop consonant that was 
perceptually between /d/ and /ɡ/ (/X/), and the vowel /ɑ/. When the stimulus /ɑl/ /Xɑ/ was 
presented, listeners identified the ambiguous phoneme as /ɡ/. And, when the syllable 
/ɑr/ was presented with /Xɑ/, the same ambiguous phoneme was identified as /d/. Diehl 
et al. (2004) suggest that, due to coarticulation, the third formant (F3) of /ɑl/ 
subsequently raises the expected F3 onset of /ɡɑ/, and the lower F3 offset of /ɑr/ lowers 
the expected onset of /dɑ/. These coarticulatory effects result in a potentially 
confounding situation for the perceptual system, such that /ɡɑ/ and /dɑ/ may not be 
acoustically distinct in the context of preceding alveolar and palatal phonemes, 
respectively. Therefore, the perceptual system applies a mechanism, early in the 
processing of incoming speech, to counteract the coarticulatory effects of production 
that occur naturally in many speech contexts. In Mann’s (1986) study, this 
compensation resulted in perception of the velar /ɡ/ for ambiguous phonemes in the 
context of a preceding alveolar (/l/), rather than another alveolar phoneme (/d/), as 
might be expected given the context. Compensation for coarticulation has also been 
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observed in research with Japanese quail using these same contrasts (Lotto, Kluender, 
& Holt, 1997), and in humans with nonspeech sounds that contained spectral 
components of /ɑl/ and /ɑr/ (Lotto & Kluender, 1988), suggesting this is a general 
auditory process rather than a speech-specific one. In sum, compensation for 
coarticulation is considered an automatic and early-occurring bottom-up perceptual 
process that compensates for the naturally occurring variation in speech production.  
Elman and McClelland (1988) incorporated compensation for coarticulation in 
their study design to demonstrate that lexical interaction, rather than post-perceptual 
processes, influenced speech perception. This design involved ambiguous stimuli 
derived from a /s/-/ʃ/ continuum that were not identifiable as either phoneme. The 
ambiguous stimuli replaced the final phonemes in words ending with /s/ and /ʃ/. For 
example, “Christmas” and “foolish” were modified as “Christma[X]” and “fooli[X]” akin to 
the experimental design for phoneme restoration (e.g., Warren, 1970). Additionally, 
continua were developed from initial-stop consonant words (e.g., “tapes” and “capes”) 
that differed by place of articulation (/t/-/k/ and /d/-/ɡ/ contrasts). The words with 
ambiguous final phonemes were paired with stimuli from the stop consonant continua 
(e.g., “Christma[X] [t/k]apes”) and participants were instructed to identify the initial-stop 
phoneme. Elman and McClelland hypothesized that lexical feedback would initiate 
restoration of the word-final fricative phoneme, /s/ or /ʃ/. In turn, this would activate 
compensation for coarticulation processes in relation to the ambiguous stop consonant 
stimuli. In multiple experiments, this hypothesis was confirmed. For example, with the 
stimulus “fooli[X] [t/k]apes” the ambiguous stop consonant was categorized as /t/, due to 
restoration of the final /ʃ/ (“foolish”), which triggered compensatory processes for 
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identification of an alveolar phoneme. Alternatively, this same item was identified as /k/ 
when the preceding word contained a final phoneme restored as /s/. To further illustrate, 
consider “Christma[X] [t/k]apes.” With this stimulus, the process of phoneme restoration 
resulted in the percept of “Christmas” and because /s/ is an alveolar phoneme, 
compensation for articulation led to the percept of the non-alveolar phoneme, /k/. Elman 
and McClelland’s follow-up experiments indicated these findings were not due to 
coarticulatory influences of preceding vowels, long distance coarticulation, or specific 
word pairings. Furthermore, since all response choices formed words and there were no 
measured differences in responses based on word pairings, these outcomes were not 
attributed to post-perceptual processes. In sum, this study revealed the influence of a 
top-down process (phoneme restoration) on a bottom-up process (compensation for 
coarticulation) in speech perception. While a later study attributed transitional probability 
of the stimuli, rather than lexical influence, to compensation effects (Pitt & Samuel, 
1998), subsequent research that considered this potential confound affirms Elman and 
McClelland’s findings (Magnuson, McMurray, Tanenhaus, & Aslin, 2003; Samuel & Pitt, 
2003).  
Neural Basis 
In addition to the behavioral research supporting lexical influence in perception, 
studies with direct measurement of brain functioning provide strong evidence for active 
feedback processes. Utilizing electrophysiological and neurological imaging during 
various tasks with ambiguous stimuli, including phoneme categorization, activation of 
brain regions that are associated with higher-level processing has been observed (Gow, 
et al., 2008; Myers & Blumstein, 2008; Wild, Davis, & Johnsrude, 2012). These studies 
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included fMRI measurement of frontal and temporal brain regions while participants 
listened to sentences of varying intelligibility in clear, noise-vocoded (NV) and rotated 
NV conditions, while viewing matching or non-matching text (Wild et al., 2012). The 
rotated NV speech was created by applying the amplitude envelope from the lowest 
frequency band to the highest frequency noise band, and vice versa, rendering the 
stimuli unintelligible. Brain activity imaging showed activation from higher-order cortical 
regions to the primary auditory cortex when listeners heard speech in the 3-channel NV 
condition with matching text that was significantly greater than when non-matching text 
was presented. No differences in activation were measured with clear and unintelligible 
(i.e., rotated NV) sentences presented with matching or non-matching texts. Thus, with 
text to support lexical processing of markedly degraded stimuli, higher-level cortical 
regions were observed to influence processes in the primary auditory cortex.  
Imaging showing higher-level activation from areas of the cortex associated with 
language processing to auditory brain regions, has also been measured with 
encephalography. Using a standard phoneme categorization task along with 
magnetoencephalography (MEG) and electroencephalography (EEG), Gow et al. (2008) 
measured behavioral and brain responses with stimuli varying in place of articulation. 
Participants identified onset phonemes from a /ʃ/-/s/ continuum that were attached to 
“[X]ampoo” or “[X]andal,” resulting in continua with endpoints of “shampoo” and 
“sampoo,” or “shandal” and “sandal.” The cortical areas of interest were the 
supramarginal gyrus, a locus of word-form representations, and the left posterior 
superior temporal gyrus, which is involved in processing acoustic-phonetic information. 
Gow et al. observed that when stimuli in the phoneme boundary area were presented, 
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there was significant activation from the supramarginal gyrus to the left posterior 
superior temporal gyrus. This activation pattern was measured prior to listeners’ 
identification of these stimuli, thereby demonstrating direct interaction from a higher 
level of processing in the brain to a region associated with auditory perception.  
Procedural Considerations 
Two methodological factors that can impact the lexical identification shift are the 
presentation format and the categorical nature of the stimuli. In Ganong’s (1980) study, 
stimuli for each phonetic contrast were mixed and randomly presented. For example, 
stimuli from continua with “task”- “dask” and “tash”- “dash” endpoints were combined 
and presented throughout one block. Other researchers have utilized a different format, 
in which all stimuli from one continuum are presented, before proceeding to the next set 
of stimuli, in a blocked fashion. In their analyses of 55 data sets, Pitt and Samuel (1993) 
found that a mixed presentation format results in a more reliable phoneme 
categorization shift than when stimuli from a single continuum are presented. The 
second consideration is related to the number of continuum steps utilized in an 
experiment. Since the perceptual shift is measured with ambiguous stimuli at or near 
the phoneme boundary area, an adequate number of continuum steps must be 
presented in this range. When stimuli are highly categorical, there is a greater likelihood 
of a smaller lexical identification shift, or no shift (Pitt & Samuel, 1993). Thus, subtle 
changes in listener responses may be missed if there are fewer ambiguous data points, 
resulting in statistically insignificant findings.  
As previously noted, most studies following Ganong’s (1980) experimental 
design have investigated phoneme categorization with continua of VOT contrasts. 
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These stimuli have been developed using synthesized (Ganong, 1980), synthesized 
and natural (Connine & Clifton, 1987) and modified natural speech (Burton, et al., 1989; 
Ganong, 1980; Mattys & Wiget, 2011; Miller & Dexter, 1988; Myers & Blumstein, 2008; 
Pitt & Samuel, 1993). There is limited research in which place of articulation or manner 
phonetic contrasts have been utilized, and these continua can require more complex 
cue manipulation than VOT stimuli. Pitt & Samuel (1993) developed two manner-of-
articulation continua from naturally-produced speech. These were bilabial /b/-/m/ and 
palatal /tʃ/-/ʃ/ contrasts, created by adjusting duration of nasalization and frication, 
respectively. Large lexical identification shifts were observed with both continua, with 
the shift for palatal stimuli spanning the entire continuum. To create an alveolar-palatal 
(/s/-/ʃ/) place-of-articulation continuum, Gow et al. (2008) used weighted spectral 
averaging of modified natural speech, and a lexical identification shift was present in 
both behavioral and electrophysiological measures. For place-of-articulation continua of 
/b/-/d/ stop consonants, both Fox (1984) and Reed (1989) modified the formant 
frequencies in synthesized speech. While Fox reported a significant lexical identification 
shift, Reed found no difference in phoneme categorization with two out of three 
participant groups. An important consideration with Fox’s and Reed’s research is that 
one cue, formant frequency, was manipulated, and the unnatural quality of these 
synthesized stimuli may have added to the complexity of, and confounded, the 
identification task. In perceptual tasks with stop consonants, listeners have been shown 
to utilize multiple cues, including onset frequency, spectral shape of the stop burst, 
second formant (F2) transition and, to a lesser extent, third formant (F3) transition 
(Burton et al., 1989; Kewley-Port, Pisoni, & Studdert-Kennedy, 1983; Stevens & 
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Blumstein, 1978). Also, listeners can adjust their reliance on specific cues depending on 
the signal (Holt & Lotto, 2010; Oden & Massaro, 1978; Repp, 1982). By manipulating 
multiple acoustic cues, we know that more natural stimuli can be developed, as 
demonstrated by Elman and McClelland (1988), who created multiple stop consonant, 
place-of-articulation continua, including /t/-/k/ phonetic contrasts, in their compensation 
for coarticulation research. Thus, it is expected that a reliable measure of the lexical 
identification shift with these contrasts can be found with a natural-sounding continuum.  
Summary of Background 
In summary, there is a robust body of research in support of lexical influence in 
speech perception, consistent with interactive-activation theories. Studies of the lexical 
identification shift in phoneme categorization tasks indicate this phenomenon is reliable 
in relation to VOT phonetic contrasts, and there is a reasonable expectation for 
generalization to other contexts. There are, however, gaps in the research, with a 
dearth of studies with stop consonant, place-of-articulation phonetic contrasts, as well 
as inconsistencies in study outcomes that limit generalization. Moreover, while 
controlling for coarticulatory influences has been an important consideration in studies 
using Ganong’s (1980) experimental design, including these cues in a phoneme 
categorization task can provide a measure of listener reliance on long-distance 
coarticulation to resolve ambiguous input. Altogether, further examination of lexical 
influence in phoneme categorization is warranted to increase our current knowledge 
base, and to augment research related to interactive processes in speech perception.  
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Present Study 
The goal of the present study is to expand upon the limited knowledge for the 
lexical identification shift with stop consonant place-of-articulation phonetic contrasts. As 
such, a series of experiments were conducted to determine listener baseline 
performance with multiple variations of natural-sounding stimuli investigating the lexical 
identification shift with both a standard Ganong (1980) paradigm and with coarticulatory 
information. Experimental stimuli were derived from initial /t/-/k/ words, selected to be 
consistent with Elman and McClelland’s (1988) targets (i.e., “tapes” and “capes”) that 
were subject to compensatory influences, and thus emulate established research. In all, 
three experiments were designed to address the following research questions. 
Question 1) Is the lexical identification shift present with continua stimuli derived 
from natural-sounding /te/-/ke/ word-initial phonetic contrasts? 
Question 2) What is the impact of long-distance coarticulation on the lexical 
identification shift in /te/-/ke/ word-initial contexts? 
Question 3) Will the lexical identification shift remain measurable with a more-
categorical set of stimuli (i.e., continua with fewer “steps”) that contain long-distance 
coarticulatory information?  
It was hypothesized that a significant lexical identification shift would be 
measured based on listener categorization of lexically-biased stimuli with /te/-/ke/ onset 
stimuli. This shift would be measured at the phoneme boundary, where stimuli are 
ambiguous, reflecting the influence of top-down feedback where bottom-up processes 
are reduced. This hypothesis is supported by study design considerations that include 
the utilization of natural-sounding stimuli and procedures that are consistent with a more 
29 
reliable lexical identification shift (Pitt & Samuel, 1993). Furthermore, this study used a 
phonetic contrast previously shown to be subject to top-down influences in related 
research (Elman & McClelland, 1988). With the addition of long-distance coarticulatory 
information in continua stimuli, it was hypothesized that a significant increase in the 
lexical identification shift will be measured, compared to the shift with stimuli that do not 
include coarticulation cues. Listeners have been shown to use coarticulatory information 
when identifying non-adjacent phonemes (Warren & Marslen-Wilson, 1987; Nguyen & 
Hawkins, 1999), and thus stimuli with these cues are expected to provide an additive 
effect to that of lexical feedback. Finally, given the robust combination of coarticulation 
cues and lexical influence, it is hypothesized that a significant lexical identification shift 
will continue to be detected with stimuli that contain fewer continuum steps.  
 
Method: Experiment 1 
In this experiment, onset phonemes in a /te/-/ke/ continuum were identified using 
a standard Ganong (1980) paradigm in which continua endpoints formed minimal pair 
words and nonwords. It was hypothesized that a significant lexical identification shift 
would be observed, indicated by response differences between lexically-biased and 
neutral stimuli at the phoneme boundary.  
Participants 
A total of 39 normal-hearing young adults, ages 18 to 40, who are monolingual 
native speakers of English, were recruited for this experiment. Prior to recruitment, 
Institutional Review Board (IRB) approval was received from the University of South 
Florida’s Research Integrity and Compliance department (Appendix H). Following 
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informed consent procedures, participants completed a brief demographic survey 
(Appendix A) indicating their native language status and audiological history or hearing 
status. Hearing screenings were not conducted, as each participant’s phoneme 
identification performance served as their own control for inclusion in final analyses. 
Previous research investigating phoneme identification in adult listeners indicates 
reliable self-reporting for hearing status (Desai, Stickney, & Zeng, 2008; Elman & 
McClelland, 1988; Munson & Nelson, 2005; among others). 
Stimuli 
Speech stimuli were derived from natural productions of words and nonwords, 
produced by a single male talker with a relatively standard American English dialect. 
Specific words and nonwords were chosen, resulting in four stimulus pairs with different 
onset phonemes (/t/ or /k/), which are presented in Table 2.1. The word-nonword (wn) 
and nonword-word (nw) pairs were selected in order to measure lexical bias in opposite 
directions as presented in a /t/-/k/ continuum. That is, the word “tased” was paired with 
the nonword “cazed,” to create the /t/-biased wn continuum, and the /k/-biased nw 
continuum contained the nonword “taves” paired with the word “caves”. In addition to 
the words and nonwords listed in Table 2.1, additional recordings of “tapes” and “capes” 
were made. These words were selected to be developed for the /t/-/k/ onset continuum, 
as a further control for any coarticulatory information in the stimuli, and to be consistent 
with previous research (Elman & McClelland, 1988). While many studies investigating 
lexical influences in phoneme categorization have measured the shift with just lexically-
biased continua (Connine & Clifton, 1987; Ganong, 1980; Gow et al., 2008; Miller & 
Dexter, 1988; Pitt & Samuel, 1993), others have included neutral stimuli (Fox, 1984). In 
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the current study, neutral word-word (ww) and nonword-nonword (nn) pairs were 
selected to provide a measure of comparison for the lexically-biased continua. 
Identification functions between these neutral continua were not expected to differ (Fox, 
1984), and it was hypothesized that listener identification responses with these continua 
would fall between those with lexical bias.  
 
Table 2.1. Experiment 1: Selected words and nonwords for stimulus development. 
Stimulus Pair  /t/ Onset /k/ Onset 
Word-nonword (wn) Tased Cazed 
Nonword-word (nw) Taves Caves 
Word-word (ww) Takes Cakes 
Nonword-nonword (nn) Tades Cades 
 
Stimulus development 
Stimuli were developed in TANDEM-STRAIGHT (Kawahara, Takahashi, Morise, 
& Banno, 2009), a speech analysis and resynthesis program. STRAIGHT decomposes 
speech stimuli into the source (i.e., fundamental frequency and an aperiodic 
representation of the ratio between random and periodic components in each frequency 
band) and filter (i.e., spectral) information. TANDEM is a method for producing 
temporally static power spectral representations of periodic signals, and the program 
uses a spectral envelope recovery method of “consistent sampling” (Kawahara et al., 
2009). A key feature of TANDEM-STRAIGHT is an acoustic morphing function that 
allows for the integration of synthesized files, whereby the input weights for each file 
can be manipulated in order to generate a speech continuum. 
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Using the TANDEM-STRAIGHT morphing function, a 19-step resynthesized /t/-
/k/ continuum was created from the original recordings of “tapes” and “capes.” The 
continua were generated in 5% intervals, from 5% to 95%. For example, the input mix 
for continuum step 1 was 5% “tapes” and 95% “capes,” while that of step 19 was 95% 
“tapes” and 5% “capes.” Additionally, TANDEM-STRAIGHT was used to create a 
morphed 50%-50% blend for each stimulus pair listed in Table 1. The onsets from the 
/te/-/ke/ (“tapes-capes”) resynthesized continuum, consisting of the stop burst through 
the first three pitch periods of the vowel, were excised and concatenated in Praat 
(Boersma & Weenink, 2013) to the morphed vowel+coda portion (50/50 blend) of each 
stimulus pair. For example, one endpoint stimulus in the nonword-nonword (“tades-
cades”) continuum was created with the step 1 morphed onset that was 5% /te/ and 
95% /ke/ and concatenated to the 50%-50% “ades” blend. In all, the 19-step continuum 
was used to create four continua in which the endpoints formed words or nonwords 
corresponding to each stimulus pair listed in Table 1. 
The quality of the onset portion of the stimuli (i.e., /te/-/ke/ continuum) was 
verified prior to the beginning of the experiment by presenting the onsets in a 
categorization task to a different group of 39 young, normal hearing listeners. Each 
stimulus was presented 10 times, for a total of 190 trials. No acoustic anomalies were 
noted, and 32 out of 39 listeners had reliable identification (90% or greater accuracy) 
with endpoint and near-endpoint stimuli.  
Procedures 
Participants completed the experiment individually or in groups of up to four 
persons in the Speech Perception lab of USF’s Department of Communication Sciences 
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and Disorders. Participants were assigned individual work stations with a keyboard, 
mouse, computer monitor and headphones. In addition to verbal instructions to identify 
the “beginning sound” of each word/nonword prior to the start of the experiment, 
participants had printed instructions at their work stations (Appendix B) and access to 
“Instructions” via an icon that they could click on their computer screen. All print 
instructions included a randomly-ordered list of the endpoint words and nonwords that 
were to be presented, in order to familiarize participants with the stimuli.  
The experiment was controlled using Alvin experiment-control software 
(Hillenbrand & Gayvert, 2005), with stimuli presented binaurally over Sennheiser HD-
280 Pro headphones. Participants could adjust their volume to a comfortable listening 
level. Two sets of practice trials were completed prior to the experimental condition. 
During practice, endpoint stimuli (steps 1 and 19) for the four continua were presented 
two times each, for a total of 16 trials per set. In the first set of practice trials, 
participants received feedback regarding the accuracy of their responses in the form of 
a visual cue on their monitor. The second set of trials was presented for additional 
practice, with no feedback. Experimental trials immediately followed the practice 
sessions. In all trials, participants were instructed to select the onset phoneme for the 
stimulus in a two-alternative forced choice task. Selections were made using a 
computer mouse, corresponding to /t/ (“T” “tay”) or /k/ (“K” “kay”) boxes on the monitor. 
Stimuli from all four continua were mixed. Each stimulus was randomly presented 8 
times over two blocks of 304 trials, for a total of 608 trials per participant (4 continua x 
19 steps x 8 presentations). Participants completed the experiment in a single session 
lasting approximately 30 minutes. 
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Analysis 
To determine if individual participant data would be included in further analysis, 
responses for endpoint stimuli from the word-word (takes-cakes) continuum were 
examined. Averaged responses for steps 19 and 1, /t/ and /k/, respectively, were 
subject to a cutoff accuracy of 90%. Data from 30 of 39 participants met this criterion.  
The lexical identification shift has, historically, been reported using various types 
of measurement. These include linear regression to calculate the 50% crossover point 
and one-way ANOVA to compare these values (e.g., Connine & Clifton, 1987), 
comparison of the average response over x number of steps in a continuum (e.g., Pitt & 
Samuel, 1993), or response differences across the entire continuum (e.g., Mattys & 
Wiget, 2011). In this study, a Bayesian approach to analyzing the lexical identification 
shift was adopted in order to estimate the parameters of the underlying distribution of 
responses (Weisstein, n.d.), given the participant responses that were obtained. A 
model of the data was created by fitting a linear regression function to sigmoid 
transformed %t pooled responses for each participant and stimulus continuum in R (R 
Core Team, 2016) with lme4 (Bates, Maechler, Bolker, & Walker, 2015) as follows: 
%𝑡 =  
1
1 + 𝑒𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡+𝑠𝑙𝑜𝑝𝑒×𝑠𝑡𝑒𝑝+𝐺𝑎𝑛𝑜𝑛𝑔 𝑠ℎ𝑖𝑓𝑡
 
The model was fit to data from all four stimulus continua, individually for each 
participant. For each step in the continua, the model was fit to pooled average %t 
responses for the 8 stimuli at each continuum step for each stimulus pair (wn, nw, ww, 
nn). There was a single best fit slope parameter and intercept parameter based on all 
four continua. In addition, a “Ganong shift” parameter was included that modeled the 
predicted lexical shift in the 50% crossover point in the word/nonword endpoint 
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conditions (nw and wn). The model of ww and nn continua used a Ganong shift value of 
zero (no shift), while the nw and wn continua used values of +1 and -1 respectively, 
meaning the lexical shift is assumed to be a single parameter that is symmetric. 
Therefore, the model consisted of three fitting parameters: a slope, an intercept, and a 
Ganong shift for each participant. A nonparametric measure, the Wilcoxon signed-rank 
test, was used to test for statistical significance of the Ganong shift parameter for the 
group. Slope and 50% crossover point values across participants were also examined.  
 
Results 
The model functions for all participants are shown in Figure 2.1, as well as the 
distribution of the lexical shift. The degree of shift ranged from -0.3 to 1.8 continuum 
steps, and there was one outlier with a shift of 6.2 continuum steps. For the majority of 
participants (16 out of 30), the lexical shift was in the .6- to .9-step range.  
A Wilcoxon signed-rank test indicated the degree of lexical identification shift with 
the lexically-biased continua was significantly different from zero, at p<.05 level, from 
the neutral continua (z = -4.68, p-value<.00001). Data from the individual model fits of 
29 out of 30 participants showed a positive lexical identification shift (Ganong parameter 
different from zero in the regression model). The mean shift, across all participants, was 
0.84 continuum steps (median = .0.63), with a standard deviation of 1.09. The mean 
slope was -0.33 (median = -0.34), and the average 50% crossover point (i.e., phoneme 
boundary) was 10.96 (median = 10.9). 
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Figure 2.1. Experiment 1: Modeled data and lexical identification shift. Top: Each 
function represents modeled data for one participant, reflecting %t response by 
continuum step. Bottom: Histogram depicting the distribution of the lexical shift for all 
participants. 
 
An examination of model prediction identification functions, along with aggregate 
%t responses by continuum, was completed for each participant. In order to measure 
goodness of fit to the model, the error sum of squares was calculated by participant. In 
Figure 2.2, the two participants whose data demonstrated the best (P164; SSE=147.11) 
and worst (P190; SSE=490.75) fit to the model are shown. Appendix D contains these 
data for all participants. Visual inspection of the two examples in Figure 2.2 reveals that 
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actual responses for participant 164 are more closely aligned with modeled responses, 
while data from participant 190 is much more variable along the continuum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 wn  nw  ww  nn 
 
Figure 2.2. Experiment 1: Modeled and aggregate %t response by continua and 
continuum step for participants with “best” (164; SSE=147.11) and “worst” (190; 
SSE=490.75) fit with the model. The lexical shift for P164 was .52 continuum steps, with 
a 50% crossover point of 10.88. P190 had a lexical shift of .81 continuum steps, and a 
crossover of 10.83. Modeled data shown as green and red identification functions for 
lexically biased (wn, nw) continua, with data collapsed for neutral (ww, nn) continua in 
blue, as %t response by continuum step. Aggregate %t responses by continuum step 
for lexically-biased continua are indicated by green (wn) and red (nw) triangles, and 
neutral (ww, nn) continua by blue squares. 
 
In summary, the data indicate a significant lexical identification shift in the 
categorization of 19-step /te/-/ke/ lexically-biased continua. This shift was observed in 
29 out of 30 participants. There was substantial variability in this shift across listeners, 
with an average of .84 continuum steps, and an average crossover point of 10.96. This 
variability was reflected in comparisons between model fit and actual data.  
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Method: Experiment 2 
This experiment was designed to further study the lexical identification shift and 
the role of coarticulation in phoneme categorization with stop consonant place-of-
articulation contrasts. The findings in Experiment 1 are partially replicated here by 
utilizing /te/-/ke/ phonetic contrasts with an alternative set of word/nonword pairings, 
though stimuli construction methods were altered so that each stimulus pair had a 
unique onset continuum that matched in context with the rest of the stimulus. Thus, this 
experiment examines the impact of long distance coarticulation in the lexical 
identification shift.  
Following the findings of Fox (1984), we hypothesized that having both onset 
cues and coarticulatory cues that would activate real words would increase the lexical 
shift associated with the Ganong effect (1980). Therefore, we hypothesized a significant 
increase in the Ganong shift parameter between lexically-biased continua that included 
coarticulation cues, compared to the results of Experiment 1 with stimuli containing no 
coarticulation cues.  
Participants 
A new group of participants were recruited for this experiment, with the same 
inclusion criteria that was used in Experiment 1. A total of 28 participants met initial 
criteria (young, normal hearing monolingual native speakers of English). As in 
Experiment 1, hearing screenings were not conducted, as each participant’s phoneme 
identification performance served as their own control for inclusion in final analyses.  
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Stimuli 
Four new word/nonword stimuli pairs, shown in Table 2.2, were selected for 
development. As in the previous experiment, stimuli for the wn and nw pairs were 
intended to measure lexical bias in opposite directions on the continua, and neutral ww 
and nn pairs were included. 
 
Table 2.2. Experiment 2: Selected words and nonwords for stimulus development. 
Stimulus Pair  /t/ Onset /k/ Onset 
Word-nonword (wn) Tamed Camed 
Nonword-word (nw) Tage Cage 
Word-word (ww) Tapes Capes 
Nonword-nonword (nn) Tabes Cabes 
 
 
Stimuli were created by wavelet resynthesis using TANDEM-STRAIGHT 
(Kawahara et al., 2009), as in Experiment 1. The onsets for each continuum, however, 
were unique to each stimulus pair. That is, four distinct /te/-/ke/ onset continua, each 
with 19 steps, were created from each stimulus pair. The steps in each continuum 
varied in 5% increments, from 5% to 95% /t/. To create the vowel+coda portion for the 
stimulus pairs, a 50/50 morphed blend was also created in TANDEM-STRAIGHT. The 
19-step onsets, comprised of the stop burst through the first three pitch periods of the 
vowel, were then concatenated in Praat (Boersma & Weenink, 2013) to their respective 
vowel+coda blend. For example, in creating the nn “tabes-cabes” continuum, the 
excised onset from each step of the resynthesized “tabes-cabes” stimuli were 
concatenated to the 50%-50% morphed “abes” blend.  
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The testing of onset stimuli that was conducted in Experiment 1 was not 
replicated here since we had previously established that listeners could reliably identify 
resynthesized speech continua developed using TANDEM-STRAIGHT. Further, the 
onsets from the “tapes-capes” continuum used here were identical to what was tested in 
Experiment 1, and there was no practical reason to expect less reliability in listener 
responses with /te/-/ke/ onsets for the other three continua.  
Procedures 
This experiment took place in the Speech Perception Lab where participants 
attended a single session, individually or in groups of up to four persons. Procedures 
were the same as in Experiment 1, with stimuli presented binaurally over Sennheiser 
HD-280 Pro headphones and participants could adjust their volume to a comfortable 
listening level. Stimuli from each continuum were presented 8 times each, for a total of 
608 trials (4 continua x 19 steps x 8 presentations). The total time to complete the 
experiment was approximately 30 minutes.  
Analysis 
The same criterion used in Experiment 1 was applied for individual participant 
data to be included in analyses. Data from 22 out of 28 participants met the 90% cutoff 
accuracy for responses with endpoint stimuli from the word-word (tapes-capes) 
continuum.  
As in Experiment 1, a model of the data was created by fitting a linear regression 
function to sigmoid transformed %t pooled responses for each participant and stimulus 
continuum in R (R Core Team, 2016) with lme4 (Bates, et al., 2015) as follows:  
%𝑡 =  
1
1 + 𝑒𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡+𝑠𝑙𝑜𝑝𝑒×𝑠𝑡𝑒𝑝+𝐺𝑎𝑛𝑜𝑛𝑔 𝑠ℎ𝑖𝑓𝑡
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Thus, for each step in each continuum, the model was fit to pooled average %t 
responses for the four stimulus pairs (wn, nw, ww, nn). There was a single best fit slope 
parameter and intercept parameter based on all four continua. In addition, a “Ganong 
shift” parameter that modeled the predicted lexical shift in the 50% crossover point in 
the word-nonword endpoint conditions (nw and wn) was included. For the model of ww 
and nn continua, there was a Ganong shift value of zero, while the nw and wn continua 
used values of +1 and -1 respectively. In all, the model consisted of three fitting 
parameters: a slope, an intercept, and a Ganong shift. A nonparametric measure, the 
Wilcoxon signed-rank test, was used to test for statistical significance of the Ganong 
shift parameter for the group. Slope and 50% crossover point values across participants 
were also examined.  
Results  
The modeled functions for all participants in Experiment 2 are shown in Figure 
2.3, along with the distribution of the lexical shift. As can be observed in these functions, 
there is substantial variability in %t responses across the continuum, whereas variability 
between participant modeled data in Experiment 1 was primarily concentrated in the 
middle of the continuum. Additionally, there was a very large range of lexical shifts 
across participants, from 0.2 to 12.79 continuum steps, reflecting varying degrees of the 
combined influences of coarticulation and lexical processes.  
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Figure 2.3. Experiment 2: Modeled data and lexical identification shift. Top: Each 
function represents modeled data for one participant, reflecting %t response by 
continuum step. Bottom: Histogram depicting the distribution of the lexical shift for all 
participants. 
 
A positive lexical identification shift was observed in 22 out of 22 participants in 
the individual regression models. A Wilcoxon signed-rank test indicated the mean 
lexical identification shift was significantly different from zero, at p<.05 level, from the 
neutral continua (z = -4.11, p-value< .00001). The mean shift was 4.48 continuum steps 
(median = 3.68), and the standard deviation was 3.26. The mean slope was -0.23 
(median = -0.24) and the crossover point was 14.05 (median = 12.84).  
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In Figure 2.4, comparisons between aggregate data %t responses for each 
continuum, and the model predictions, are shown for two participants whose data 
represent the best and worst fit to the model. Goodness of model fit with the data was 
determined using the error sum of squares, which ranged from 175.5 (P014) to 672.6 
(P035). Appendix E contains modeled and actual data for all participants in Experiment 
2.  
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Figure 2.4. Experiment 2: Modeled and aggregate %t response by continua and 
continuum step for participants with “best” (P014; SSE=175.5) and “worst” (P035; 
SSE=672.6) fit with the model. The lexical identification shifts for P014 and P035 are 
3.45 and 0.2, respectively. The model crossover point was 13.1 for P014, and 22.5 for 
P035. Modeled data shown as green and red identification functions for lexically biased 
(wn, nw) continua, with data collapsed for neutral (ww, nn) continua in blue, as %t 
response by continuum step. Aggregate %t responses by continuum step for lexically-
biased continua are indicated by green (wn) and red (nw) triangles, and neutral (ww, nn) 
continua by blue squares. 
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The lexical identification shift observed in Experiment 2 (4.48 continuum steps) 
was significantly larger than the mean shift of 0.84 continuum steps in Experiment 1, as 
measured by a between-groups t-test (t = -5.71, p<.00001). Thus, the inclusion of 
coarticulatory cues resulted in a substantially larger lexical effect in the categorization of 
four different /te/-/ke/ continua. The increase (flattening) in the slope in Experiment 2 
was significantly different (t = -6.27, p<.00001) from that of Experiment 1, as was the 
change in the phoneme boundary (t = -2.90, p=.0055), representing listener bias toward 
responses for /k/ versus /t/. Overall, Experiment 2 results indicate that both long 
distance coarticulatory information and lexical status influence listener perception in the 
categorization of ambiguous phonemes. 
 
Method: Experiment 3 
The purpose of this experiment was to replicate the findings of Experiment 2 with 
subsets of the 19-step continua, in order to determine if a lexical identification shift could 
be maintained with a smaller number of continuum steps. This variation in the design 
was examined in preparation for future experiments. Having fewer continuum steps 
would reduce the overall task time for each continuum, allowing a larger number of 
continua or varying noise conditions to be used in an experiment. Considering the very 
large shift found in Experiment 2, utilizing fewer continuum steps with stimuli that 
contain coarticulatory information was hypothesized to result in a significant, though 
smaller, lexical effect. This hypothesis was based on Pitt and Samuel’s (1993) data set 
analyses in which stimuli with more ambiguous tokens (i.e., 4.2 or greater) resulted in a 
more reliable shift. While the continuum steps chosen for this experiment included at 
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most 3 ambiguous tokens, it was theorized that the strong effect of coarticulation would 
partly counterbalance a reduction in the lexical identification shift. And, given previous 
studies that focused on the middle region of the stimulus continuum in a Ganong task 
(e.g. Pitt & Samuel, 1993; Gow et al, 2008), it was predicted that by selecting similar 
continuum steps, a significant lexical shift could still be measured.  
Participants 
A new group of 39 volunteer participants were recruited for this experiment. The 
inclusion criteria were the same as in Experiments 1 and 2.   
Stimuli and Procedures 
The same stimuli developed for Experiment 2, from the stimulus pairs listed in 
Table 2.2, were utilized in this experiment. From the original 19-step stimuli, a 5-step 
subset centered around the average crossover point from the previous experiments 
(continuum step 11) was created. This new continuum used steps 3, 7, 11, 15 and 19. 
These same steps were used for each of the four continua from the stimulus pairs. 
Thus, data for both endpoint or near-endpoint stimuli, as well as mid-continuum stimuli, 
would be obtained. Procedures and participant instructions were identical to those in 
Experiments 1 and 2. Stimuli were presented 10 times each, for a total of 200 trials per 
participant (4 continua x 5 steps x 10 presentations). All participants completed the task 
in a single session lasting no more than 30 minutes. 
Analysis 
Participant identification of endpoint stimuli, calculated as the average for 
continuum steps 3 and 19, was subject to an accuracy cutoff of 90%. Data from 32 out 
of 39 participants met this criterion. Analyses were the same as in Experiments 1 and 2. 
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Results 
The modeled data, with functions representing individual participant %t 
responses by continuum step, along with the amount of lexical identification shift across 
participants, are shown in Figure 2.5. Visual inspection of these modeled data shows 
greater consistency, in general, across participants in terms of identification of /ke/-initial 
stimuli, and more variability as continua approach /te/-initial targets. This trend is 
consistent with results in Experiment 2, despite fewer data points (continuum steps) 
here. The lexical shift ranged from .6 to 10.8 continuum steps, and there is a greater 
concentration in the shift (20 out of 32 participants) from 1.5 to 4 continuum steps. 
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Figure 2.5. Experiment 3: Modeled data and lexical identification shift. Top: Each 
function represents modeled data for one participant, reflecting %t response by 
continuum step. Bottom: Histogram depicting the distribution of the lexical shift for all 
participants. 
 
 
As in the two previous experiments, model prediction identification functions were 
compared with aggregate response values for all participants (see Appendix F). 
Goodness of fit with the model was calculated based on the error sum of squares 
(SSE). Two participants, whose data represent the best (P063; SSE=16.05) and worst 
(P043; SSE=116.16) fit with the model are shown in Figure 2.6. 
 
 
 
48 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 wn  nw  ww  nn 
 
Figure 2.6. Experiment 3: Modeled and aggregate %t response by continua and 
continuum step for participants with “best” (P063; SSE=16.05) and “worst” (P043; 
SSE=116.16) fit with the model. P063’s lexical identification shift was 2.06, with a 
crossover point of 11.5. The lexical shift for P043 was 3.89 and the crossover was 15.0. 
Modeled data shown as green and red identification functions for lexically biased (wn, 
nw) continua, with data collapsed for neutral (ww, nn) continua in blue, as %t response 
by continuum step. Aggregate %t responses by continuum step for lexically-biased 
continua are indicated by green (wn) and red (nw) triangles, and neutral (ww, nn) 
continua by blue squares.  
 
Data from all participants (N=32) showed a positive lexical identification shift, with 
a mean of 3.18 continuum steps (median = 2.6) and a standard deviation of 2.46. A 
Wilcoxon signed-rank test indicated the degree of lexical identification shift was 
significantly different from zero, at p<.05 level, from the neutral continua (z = -4.94, p-
value< .00001). The mean slope was -0.31 (median = -0.32) and crossover point was 
13.5 (median = 12.8). As in Experiment 2, listener responses indicated an overall bias 
for /k/ response.  
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Table 2.3 contains comparison of the lexical identification shift across the three 
experiments, along with intercept, slope, and crossover point data. While the shift 
observed in Experiment 3 was smaller than what was found in Experiment 2, this 
difference was not significant as measured by a between-groups t-test (t = 1.67, 
p=.1004). The lexical shift in the current experiment was, however, significantly greater 
than the shift in Experiment 1 with stimuli that did not include coarticulatory information 
(t = -4.78, p=.000012). In summary, even with as few as 5 continuum steps, a significant 
lexical identification shift can be found with lexically biased /te/-/ke/ continua that contain 
coarticulation cues. 
 
Table 2.3. Study #1 Summary of Results: Average values for all experiments.  
 
Experiment Description Intercept Slope Crossover Lexical Shift 
1 (N=30) 19-step 
continua, no 
coarticulation 
cues 
3.63 -0.23 10.96 0.84* 
2 (N=22) 19-step 
continua, 
coarticulation 
cues 
3.08 -0.30 14.05 4.48* 
3 (N=32) 5-step 
continua, 
coarticulation 
cues 
4.06 -0.31 13.50 3.18* 
*significant 
 
 
Discussion 
The purpose of these experiments was to test for the lexical identification shift 
with natural-sounding stop consonant place-of-articulation contrasts, with multiple 
continua that controlled for and included coarticulatory information, as well as with 
more-categorical stimuli. These experiments were designed to elicit listener perception 
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for /te/-/ke/ onset continua that contained coda consonants forming both neutral (word-
word, nonword-nonword) and lexically-biased (nonword-word, word-nonword) 
endpoints. In total, two different sets of stimuli, each with 19 continuum steps, were 
created. The first set used an identical onset continuum that followed the standard 
Ganong (1980) paradigm. For the other stimulus set, each continuum was derived from 
its own word/nonword pair, and thus the /te/-/ke/ onsets included coarticulatory cues. 
This study confirms that the lexical identification shift is present with alveolar-velar stop 
consonant continua, thereby filling a gap in the literature. Additionally, these outcomes 
provide a measure of accord in terms of agreement with previous research with similar 
contrasts, in which findings were not in agreement (Fox, 1984; Reed, 1989). 
Furthermore, these experiments clarify the significant contribution of long-distance 
coarticulation cues in the categorization of ambiguous stimuli, an average difference of 
2.34 to 3.64 continuum steps. Finally, by testing substantially fewer continuum steps 
with stimuli that contain coarticulation information, we have established a guideline for 
the selection of critical steps needed with these phonetic contrasts in future 
experiments. Thus, further investigations can include additional continua and/or 
listening conditions in which the lexical identification shift may be observed.   
In the first experiment, listeners identified resynthesized speech stimuli that 
contained identical onset phonemes to which we appended lexically-biased and 
lexically-neutral syllables. There was a significant difference in the categorization of the 
onset phonemes at the phoneme boundary for neutral and lexically-biased stimuli, 
confirming our hypothesis that a lexical shift would be present with stop consonant, 
place-of-articulation contrasts. That is, identification responses in the region where 
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acoustic/phonetic cues in a /te/-/ke/ continuum were ambiguous reflected a shift in 
perception attributed to the lexical quality of the word/nonword endpoints (“tased-cazed” 
and “taves-caves”), compared to responses with stimuli that had no lexical bias (i.e., 
neutral “takes-cakes” and “tades-cades” continua). These results are consistent with 
interactive models of speech perception, in which lexical feedback influences lower-
level processes. The observed influence here is robust, as indicated by a positive lexical 
shift in the data of 29 out of 30 participants.  
A 19-step continuum was utilized in this experiment, and the average phoneme 
boundary (i.e., 50% crossover point) was 10.96. Continuum step 10, in which input 
weights for “tapes” and “capes” were equal, is the midpoint and thus responses reflect a 
small bias for /k/. As such, a possible effect, albeit minimal, of contextual contrast is 
worthy of consideration, based on previous reports of this influence with stop consonant 
place-of-articulation perception (Alfonso, 1981; Fox, 1984). While both of the lexically-
biased continua contain coda phonemes that are voiced, there is a larger contrast 
between onset and coda phonemes with /k/-initial endpoint stimuli (“cazed” and 
“caves”), compared to /t/-initial endpoints (“tased” and “taves”). However, the dissimilar 
place of articulation for codas in “taves” and “caves,” labiodental and alveolar, 
respectively, may have mediated any articulatory contrast with these stimuli.   
This experiment (Experiment 1) controlled for coarticulatory influences by using 
continua with identical onsets derived from words that were not included in any stimulus 
pair (i.e., “tapes” and “capes”). We were limited, however, in the choice of coda 
consonants that could form the necessary word/nonword stimulus pairs. This limitation 
resulted in stimuli with word endpoints that were not equivalent in terms of word 
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frequency. Thus, the word “caves,” a more-frequently occurring word than “tased,” could 
lead to stronger lexical activation and subsequently increased identification of /k/. 
Moreover, Pitt and Samuel (1995) have shown that sub-lexical processes, based on the 
frequency of portions of words, can influence perception, which may have contributed to 
the bias toward /k/ responses. Finally, another potential confound related to prelexical 
processes that was not controlled with our stimuli is the effect of transitional probability 
between phonemes, which has been shown to influence listener perception in phoneme 
identification tasks with both words and nonwords (Pitt & McQueen, 1998).  
In summary, this experiment replicates previous research with the lexical 
identification shift and confirms that this effect is present with stop consonant, place-of-
articulation phonetic contrasts. This study also served as a test for the development of a 
natural-sounding resynthesized stop consonant continuum that retained the acoustic 
cues necessary for a phoneme categorization task. The dearth of related studies with 
place contrasts, and the lack of consensus in this research, has made generalization of 
the lexical identification shift to phoneme contrasts beyond voicing contexts difficult. 
These findings fill a gap in the literature and expand upon previous research.  
In order to determine the impact of coarticulatory information in a phoneme 
categorization task, an alternative set of natural-sounding /te/-/ke/ onset stimuli were 
developed for Experiment 2. These stimuli served a twofold purpose: to partially 
replicate our first experiment by confirming the generalization of the lexical identification 
shift in this specific phonetic contrast, and to illuminate the role that long-distance 
coarticulation cues may play in the identification of ambiguous phonemes. As noted in 
previous research, both sub-lexical and lexical processes are shown to influence 
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phoneme perception (Fox, 1984; Mattys and Wiget, 2011; Pitt & McQueen, 1998; Pitt & 
Samuel, 1995), and here we have provided a measure of these combined mechanisms 
as a basis of comparison with solely top-down effects. Thus, the addition of 
coarticulation cues in lexically-biased /te/-/ke/ continua confirmed our hypothesis that 
we would measure a significant increase in the lexical identification shift over that with 
stimuli in a traditional Ganong (1980) design.  
When acoustic information is ambiguous, we know that listeners demonstrate 
considerable flexibility in terms of using whatever cues are available or weighting cues 
differently as needed (Holt & Lotto, 2010; Oden & Massaro, 1978; Repp, 1982), as well 
as when cues are absent or degraded as in noise-vocoded speech (Shannon, Zeng, 
Kamath, Wygonski, & Ekelid, 1995). The substantial variability in the lexical shift across 
participants in Experiment 2 is suggestive of this flexibility in phoneme identification 
strategy. For example, Figure 2.7 shows modeled and actual data for participants with 
the largest and smallest lexical identification shift. There was a shift of 12.8 continuum 
steps at the phoneme boundary (crossover point 4.5) in the modeled data for participant 
P029. Modeled and actual data show a strong lexical bias with wn and nw stimuli across 
the continuum, suggesting both lexical and coarticulatory information influenced 
responses. Conversely, the smallest shift of 0.19 continuum steps, in data for participant 
P035, shows a significant bias for /k/ response with both wn and nw stimuli, with a 
predicted crossover point of 22.5. These results suggest this participant may have 
increased sensitivity to the influence of contextual contrast between the onset and coda 
phonemes, rather than coarticulation cues or lexical feedback. Overall, the lexical 
identification shift measured here, an increase of 3.6 continuum steps from the effect in 
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Experiment 1, indicates that listeners utilize long-distance coarticulation cues to identify 
ambiguous stimuli.  
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Figure 2.7. Experiment 2: Modeled and actual data for participants with the largest and 
smallest lexical identification shift. A shift of 12.8 continuum steps was measures at the 
phoneme boundary in data for P029 (crossover point 4.5). The shift for P035 is 0.19 
continuum steps and the crossover point is 22.5. Identification functions indicate 
modeled data. Actual responses for lexically-biased continua indicated by green (wn) 
and red (nw) triangles. Responses with neutral (ww and nn) continua are indicated by 
blue squares. 
 
 
In a follow-up experiment, we further investigated the impact of coarticulatory 
information and the lexical identification shift, to determine the limits of this effect with 
highly-categorical stimuli (i.e. stimuli on a continuum with fewer ambiguous steps). We 
predicted that a shift would be observed, and this hypothesis was confirmed. That is, 
with a set of stimuli that reduced the level of precision in which a change in phoneme 
categorization could be detected (i.e., from 19 to 5 continuum steps) we were able to 
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verity the robustness of combined lexical and sub-lexical cues. Additionally, this 
experiment served as a guide for the minimum number of continuum steps that may be 
utilized when coarticulation information is included. Given the somewhat fragile nature 
of the lexical identification shift in a standard design (Samuel, 1996b), stimuli that 
include fewer ambiguous tokens can be less-sensitive to changes in listener responses 
in the phoneme boundary area (Pitt & Samuel, 1993). Here, we were able to determine 
a measure of this sensitivity by using stimuli that previously elicited substantial shifts in 
listener perception. The reduction in the number of continuum steps was designed to 
provide some guidelines for future experiments, so that additional stimuli or multiple 
conditions could be tested in a presentation format that would minimize demands on 
listeners.  
The stimuli developed for Experiments 2 and 3 contained the word-word 
continuum with “tapes”- “capes” endpoints. The recordings for these words were also 
used to create the Experiment 1 /te/-/ke/ onset continuum. Thus, there were controls for 
coarticulation information in the first experiment, since none of the words or nonwords 
contained coda consonants consistent with the “apes” syllable. There were, however, 
some possible confounds in terms of word frequency that may have contributed to a /k/ 
bias with “caves” in the nw continuum, compared to the word “tased” (wn continuum). A 
similar issue is present with the (coarticulated) second set of stimuli, in that crossover 
points indicate a shift toward responses for /k/ versus /t/. This may be due to the word-
likeness of “camed” in the word-nonword (“tamed”- “camed”) continuum, as well as 
contrast effects between velar/palatal (e.g., “cage”) and alveolar/palatal phonemes (e.g., 
“tage”) with both the word-nonword (“tamed”-“camed”) and nonword-word (“tage”- 
56 
“cage”) continua (Fox, 1984). Additionally, the difference in the number of phonemes 
between the lexically-biased continua should be acknowledged. Lexical influences in 
perception have been shown to increase with increasing word length (Pitt & Samuel, 
1993; 2006), and thus the shorter nw stimuli (“tage”- “cage”), combined with the word-
like quality of “camed” may have further confounded listener responses. With these 
issues in mind, it was determined that the stimulus pairs utilized in Experiments 2 and 3 
should not be included in future studies. 
In summary, the three experiments conducted here have confirmed that top-
down processes influence the perception of ambiguous stop consonants that differ by 
place of articulation. Results have also provided evidence for the impact of 
coarticulation cues in a modified Ganong (1980) design. Now that we have established 
construction methods for creating natural-sounding stimuli, and the presence of a lexical 
identification shift with a /te/-/ke/ continuum, additional questions can be addressed. If 
listeners utilize top-down feedback to resolve phoneme ambiguity when listening in 
quiet, what is their reliance on lexical support in a difficult listening condition? In noisy 
environments, lexical influences have been shown to aid word recognition and to 
support sentence comprehension (Boothroyd & Nittrouer, 1988; Nittrouer & Boothroyd, 
1990; Warren,1970; Warren & Sherman, 1974), as well as conditions in which the signal 
is distorted such as noise-vocoded speech (Davis, Johnsrude, Hervais-Adelman, 
Taylor, & McGettigan, 2005; Hervais-Adelman, Davis, Johnsrude, & Carlyon, 2008). 
Thus, lexical feedback would be expected to influence the categorization of ambiguous 
phonemes when the signal is degraded. Moreover, this degradation may result in 
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increased reliance on top-down support, such that a larger lexical identification shift is 
observed.  
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CHAPTER 3: EFFECT OF SPECTRAL-DEGRADATION ON LEXICAL INFLUENCE IN 
PERCEPTION OF PLACE-OF-ARTICULATION PHONETIC CONTRASTS 
 
Abstract 
Lexical knowledge can support speech perception, and, when stimuli are lexically 
biased, can influence listener perception (Ganong, 1980). Top-down influences in 
perception are typically measured when auditory information is impoverished in some 
way, such as in background noise when examining word frequency and lexical 
neighborhood effects (e.g., Boothroyd & Nittrouer, 1988), the perception of noise-
obscured phonemes in sentences (e.g., phoneme restoration effect; Samuel, 1996a), 
and with the categorization of ambiguous phonemes that form a continuum of sounds 
(Ganong, 1980; Connine & Clifton, 1987; Pitt & Samuel, 1993; among others). 
Historically, lexical influence in phoneme categorization, or the “lexical identification 
shift” (Pitt & Samuel, 1993), has been tested primarily in quiet listening environments, 
without additional stimuli degradation.  
This study examines the lexical identification shift in phoneme categorization with 
undistorted and spectrally-degraded speech. Listeners identified stop consonant, place-
of-articulation continua of /t/-/k/ contrasts in noise-vocoded speech processed in 10-, 
16- and 20-channel noise-vocoded conditions, thereby testing whether there is a 
change in listeners’ reliance on top-down support when bottom-up information is less 
clear. Study outcomes show mixed results, with a significant lexical identification shift 
measured between lexically-biased continua in the 20-channel noise-vocoded condition. 
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A positive, though nonsignificant, shift was measured in data from 19 of 32 participants 
in the undistorted condition, with the same stimuli for which a significant shift was found 
as reported in the previous chapter. There was a negative, nonsignificant shift in 
responses in conditions with 10- and 16-channel noise-vocoded speech, indicating the 
bottom-up information in these levels does not sufficiently activate top-down processes. 
This study provides a measure of the interplay between top-down and bottom-up levels 
of processing in speech perception, and the limitations to top-down feedback in relation 
to lexical influences in phoneme categorization.  
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Introduction 
The theory that top-down processes can influence speech perception, such as 
the shift in listener phoneme boundaries when categorizing lexically-biased stimuli, is 
well-supported in research (Connine & Clifton, 1987; Ganong, 1980; Gow, et al., 2008; 
Pitt & Samuel, 1993; among others). This influence is a central feature of interactive 
models of speech perception, in which higher-level feedback mechanisms are described 
as directly affecting bottom-up, feedforward processes (e.g., TRACE; McClelland & 
Elman, 1986). In addition to the “Ganong effect” (Ganong, 1980) reported with phoneme 
categorization studies, there are other measures of top-down influences in perception. 
These include the “phoneme restoration effect” (Warren, 1970; Warren & Obusek, 1971; 
Warren & Sherman, 1974) when phonemes replaced by a tone or noise are perceived 
by listeners as intact, word recognition tasks in gated conditions (Metsala, 1997), and 
with words and nonwords in noise (Boothroyd & Nittrouer, 1988, Nittrouer & Boothroyd, 
1990). In this research, for any lexical effect to be measured, acoustic information is 
ambiguous or impoverished to some degree so that listeners cannot rely solely on 
bottom-up input. Thus, there is greater perceptual weight on higher-level processes to 
support perception when acoustic/phonetic information is not clear. The influence of 
higher-level processes, however, is also moderated by the acoustic/phonetic input, 
since an increasingly ambiguous signal will not convey sufficient information for lexical 
activation to occur. As noted by Samuel (1996b), the “real and fragile” (pg. 49) nature of 
lexical influences in perception suggests that there is a delicate balance between 
bottom-up ambiguity and measurable top-down support. 
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Top-down and bottom-up information in speech perception 
Of interest in the current study is the influence of top-down processes in 
phoneme categorization that is dependent on lexical status of the input. In his seminal 
research, Ganong (1980) reported a shift in the identification of acoustically identical 
stimuli, attributed to lexical bias, with phoneme continua varying in voice-onset-time 
(VOT) cues and endpoints that formed words or nonwords. This shift at the phoneme 
boundary, or “lexical identification shift” (LIS; Pitt & Samuel, 1993), is measured at or 
near the middle of a continuum in which acoustic information is ambiguous. For 
example, stimuli from a /d/-/t/ continuum will have shorter and longer VOTs, 
respectively, near the endpoints and a range of ambiguous stimuli between these 
endpoints. When these stimuli are appended to syllables that subsequently form a word 
and a nonword at each endpoint, listener categorization with ambiguous stimuli reflects 
a bias for phonemes that are onsets for the word, versus nonword, endpoint (Connine & 
Clifton, 1987; Ganong, 1980; Lam et al., 2017; Miller & Dexter, 1988; Pitt & Samuel, 
1993; Pitt & Samuel, 2006; Stewart & Ota, 2008; among others). In the /d/-/t/ continuum 
example, syllables “ask” and “ash” may be used to create continua, “dask”-“task” and 
“dash”-“tash,” resulting in endpoint stimuli that have opposing lexical bias. Thus, the 
lexical identification shift represents differences in perception for identical continuum 
elements. While this lexical shift is a robust phenomenon, it is not known how further 
degradation of stimuli would impact top-down influences in tasks of this nature. The 
interplay between bottom-up and top-down processes is complex, with feedback 
influences constrained by limitations of impoverished acoustic input, and yet reliance on 
lexical information can increase.  
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The majority of studies investigating the lexical identification shift have utilized 
phoneme continua of VOT contrasts (Burton, et al., 1989; Chiappe, et al., 2001; 
Connine & Clifton, 1987; Ganong, 1980; Miller & Dexter, 1988; Pitt & Samuel, 1993), for 
which stimulus development can be relatively straightforward. To illustrate, Pitt and 
Samuel’s (1993) 8-step /di/-/ti/ continuum was created by systematically reducing the 
number of pitch periods of the vowel and replacing it with longer periods of aspiration 
from /t/. In comparison, there are few studies that have utilized manner of production or 
place of articulation phonetic contrasts that require more complex cue adjustments. The 
limited studies in which the lexical identification shift was examined with place-of-
articulation contrasts include fricative (Gow et al., 2008; McQueen, 1991; Pitt & Samuel, 
2006) and stop (Fox, 1984; Reed, 1987; 1989) consonant contrasts. While the 
proportional weighting of amplitude in the spectrum can be manipulated to create 
fricative consonant continua (Gow et al., 2008; McQueen, 1991), multiple acoustic cues 
must be altered to signal “place” for stop consonants (Stevens & Blumstein, 1978). The 
cues that signal stop contrasts include onset frequency, spectral shape of the stop 
burst, second formant (F2) transition and, to a lesser extent, third formant (F3) transition 
(Kewley-Port, et al., 1983; Stevens & Blumstein, 1978). Both Fox (1984) and Reed 
(1989) created multi-step /b/-/d/ continua by adjusting formant transitions in synthesized 
speech. Outcomes with these studies, however, were not consistent. Fox reported a 
significant lexical identification shift with two different sets of /b/-/d/ continua, while Reed 
observed a shift in only one listening group, children with reading delays. A potential 
contributing factor to these inconsistent outcomes is that only one cue, formation 
transition, was modified, and thus these stimuli may have had an unnatural quality. An 
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alternative approach to creating stop consonant place-of-articulation contrasts is to 
incrementally weigh all acoustic information in order to create a more natural-sounding 
continuum. The present study examines resynthesized natural stimuli that are blended 
to make a continuum using TANDEM-STRAIGHT (Kawahara, Takahashi, Morise, & 
Banno, 2009). 
Signal degradation and noise vocoding  
In the research described thus far, stimuli were manipulated so that the lexical 
identification shift could be quantified by differences in identification in the phoneme 
boundary area (e.g., Ganong, 1980), and no other forms of signal degradation were 
introduced. Degraded listening conditions represent different situations in which 
acoustic information is impoverished. In models of speech perception, the degradation 
of bottom-up information would decrease the impact of bottom-up activation that leads 
to phoneme perception. In a model with both top-down and bottom-up activation (such 
as TRACE, Elman & McClelland 1986), a lexical identification shift may increase 
beyond that which occurs in “quiet” conditions as degraded bottom-up information would 
lead to reduced levels of activation and top-down information would dominate phoneme 
perception. Gianakis and Winn (2016), in experiments very similar to those presented 
here, found increased lexical shifts in a Ganong task with conditions of stimulus 
distortion. Increased top-down feedback in noise conditions has also been reported in 
related research, such as investigation of the effects of lexical neighborhood on word 
recognition (Dirks, Takayanagi, Moshfegh, Noffsinger, & Fausti, 2001; Luce, 1986, Luce 
& Pisoni, 1998). However, degraded bottom-up information must still be sufficient to 
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activate the lexical representations that provide top-down feedback in order to find a 
lexical identification shift such as in the Ganong effect.  
There is additional research on the impact of noise and distractor conditions with 
the lexical identification shift (Pitt & Samuel, 1993). In their experiment with continua of 
VOT and manner contrasts, Pitt and Samuel (1993) compared listener categorization of 
phonemes in quiet and two levels of noise, as well as in a distractor task requiring math 
computations. Results indicated a smaller shift between quiet and distractor conditions 
with one phonetic contrast, but no difference between the quiet and noise conditions 
(Pitt & Samuel, 1993). Thus, signal degradation with noise did not impair bottom-up 
processes or indicate any increase in lexical feedback. While the literature overall 
supports the theory of top-down influence in phoneme perception, additional testing of 
the lexical identification shift with reduced bottom-up input would further elucidate 
conditions in which lexical effects in perception may increase and/or be constrained.  
It is reasonable to argue that, in typical listening environments, the speech signal 
is frequently subjected to some level of degradation and as such listeners regularly rely 
on lexical knowledge to aid perception. Degraded listening conditions may occur due to 
many factors, such as talker characteristics (e.g., conversational versus clear speech; 
Uchanski, 2005), the environment (e.g., background noise), and the speech signal itself 
(e.g., the ambiguous nature of acoustic information, especially in vowels, for example, 
where acoustic categories may overlap across speakers and contexts). One widely-
studied form of spectrally degraded speech, designed to simulate listening with a 
cochlear implant, is noise-vocoded (NV) speech (Dorman, Loizou, & Rainey, 1997; 
Friesen, Shannon, Baskent, & Wang, 2001; Shannon, Zeng, Kamath, Wygonski, & 
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Ekelid, 1995; Sheldon, Pichora-Fuller, & Schneider, 2008; among others). NV speech is 
created by processing the speech signal into a number of continuous frequency bands, 
extracting the amplitude envelope in each band, using the envelopes to amplitude-
modulate white noise, and then combining the signals from each frequency band. This 
process retains amplitude envelope cues that are important for speech perception but 
removes fine-grained spectral information listeners rely on in adverse conditions such 
as in background noise or with multiple talkers (Dorman, Loizou, Spahr, & Maloff, 2002). 
Even with decreased spectral cues, however, normal hearing adults have demonstrated 
good phoneme and sentence perception (i.e., 80% or greater identification) for NV 
stimuli processed in as few as four frequency bands, or “channels” (Dorman, Loizou, & 
Rainey, 1997; Shannon et al., 1995).  
Despite experiments showing participants with relatively good speech recognition 
with NV stimuli (e.g., Shannon et al., 1995), it is important to note that this form of 
spectral degradation does not affect perception for all phonemes equally. In particular, 
normal hearing listeners exhibit significantly poorer phoneme perception with place-of-
articulation NV stimuli, compared to tasks in which stimuli are identified based on 
manner of articulation or voicing cues (Dorman et al., 1997; Friesen, Shannon, Baskent, 
& Wang, 2001; Shannon et al., 1995). This difficulty is due to the diminished spectral 
information that, in non-degraded speech, signals “place” (Dorman et al., 2002). In 
listeners with cochlear implants, perception of place-of-articulation with stop consonants 
is poorer than that of normal hearing participants listening in CI simulated conditions, a 
difference attributed to CI listeners’ difficulty with perception of formant transitions 
(Desai, et al., 2008; Hedrick & Carney, 1997). The cues that listeners rely on to identify 
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place of articulation for stop consonants, such as the spectral shape of the burst and 
second and third formant transitions (Kewley-Port et al., 1983; Stevens & Blumstein, 
1978), are directly impacted by the noise-vocoding process. Therefore, stimuli in a 
place-of-articulation continua that have been spectrally degraded with noise-band 
vocoding would present listeners with substantially impoverished bottom-up information. 
Furthermore, perception for phoneme boundary stimuli, where ambiguity is high under 
ideal listening conditions, may be subject to greater top-down influences, compared to 
that with non-degraded speech.  
The level of spectral degradation in NV speech can be manipulated by varying 
the number of frequency channels. With normal hearing adults, speech recognition in 
NV conditions typically improves as the number of frequency channels increases 
(Dorman et al., 1997; Friesen et al., 2001). While Shannon et al. (1995) and Dorman et 
al. (1997) reported accurate phoneme and sentence identification (i.e., 80% or greater) 
performance with NV speech processed in as few as four channels, perception in this 
condition may also be significantly impaired, depending on the stimuli and the listening 
environment (e.g., Friesen et al., 2001). There are reports of accurate identification of 
place-of-articulation contrasts in speech processed with six or more channels, provided 
listeners have a limited set of choices and contexts, such as vowel-consonant-vowel 
/ɑCɑ/ format (Dorman et al., 1997; Friesen et al., 2001). Given the increased ambiguity 
with phonetic contrasts along a continuum, however, listeners likely require more 
frequency channels in a phoneme categorization task. By testing a range of NV 
conditions in a phoneme categorization task, the impact of varying spectral degradation 
on the lexical identification shift can be determined. 
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Spectral degradation of stimuli using noise-band vocoding is just one method in 
which an adverse listening condition may be created. This form of degradation, 
however, has a direct impact on the acoustic cues that signal place-of-articulation 
contrasts, and thus provides an environment in which the effects of lexical feedback can 
have greater influence in phoneme perception, compared to listening in quiet. To test 
this theory, we obtained pilot data in a phoneme categorization task with varying levels 
of spectrally-degraded speech. This preliminary test revealed an increase in the lexical 
identification shift with increasing spectral degradation, and thus further investigation 
was carried out to confirm these findings. 
Purpose 
The following study sought to answer two research questions: How do increasing 
levels of spectral degradation impact the lexical identification shift (LIS) in a phoneme 
categorization task? And, at what level of spectral degradation does lexical activation 
fail to occur? We hypothesized that a larger lexical shift, representing increased lexical 
feedback, would be measured in noise-vocoded conditions compared to this effect in 
quiet, that would increase as the number of spectral channels decreased. We also 
hypothesized that the “tipping point” at which bottom-up input would be so degraded 
that activation from top-down processes would be inhibited, would occur at or before the 
level of greatest signal degradation, 10-channel NV speech. By systematically 
investigating the effects of multiple degrees of degradation, this study contributes to our 
understanding of the interactive nature of top-down and bottom-up processes, and how 
this relates to theories of speech perception. From a clinical perspective, study 
outcomes can inform our understanding of speech perception by people with cochlear 
68 
implants, who perceive speech through inherently degraded signals. In addition, the 
present study elucidates the impact of adverse listening conditions on perception more 
generally, and the role of lexical knowledge in supporting compensation strategies. 
Method 
Participants 
A total of 36 normal hearing young adults, ages 18 to 40, who are monolingual 
native speakers of English were recruited for this study. Institutional Review Board 
approval by the University of South Florida’s department of Research Integrity and 
Compliance was obtained prior to participant recruitment (Appendix H). All participants 
completed a brief demographic survey (Appendix A) indicating their language status 
and audiological history/hearing status. Hearing screenings were not conducted since, 
based on their phoneme identification performance, participants served as their own 
control for inclusion in final analyses. This procedure is consistent with previous 
research relying on self-report for hearing status with adult listeners (Desai et al., 2008; 
Elman & McClelland, 1988; Munson & Nelson, 2005). 
Stimuli 
Speech stimuli for this study were derived from natural productions of words and 
nonwords, produced by a single male talker with a relatively standard American English 
dialect. Specific words and nonwords were selected to form four stimulus pairs differing 
in onset phoneme (/t/ or /k/) as outlined in Table 3.1. The word-nonword and nonword-
word pairs were intended to measure lexical bias in opposite directions. That is, the 
word “tased” was paired with the nonword “cazed,” for the /t/-biased continuum, and the 
/k/-biased continuum consisted of the nonword “taves” and the word “caves”. 
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In most prior research with the lexical identification shift, categorization of onset 
phonemes with word-nonword and nonword-word continua was compared (Burton et 
al., 1989; Chiappe et al., 2001; Connine & Clifton, 1987; Ganong, 1980; Gow et al., 
2008; Miller & Dexter, 1988; Ota et al., 2015; Reed, 1989). Here, neutral stimuli, 
comprised of word-word and nonword-nonword pairs were included to replicate 
previous experimental design (Fox, 1984), and to provide a basis for interpretation of 
the lexical identification shift with respect to the lexically biased word/nonword continua. 
That is, as in Experiment 1 (Chapter 2), identification functions for neutral stimuli were 
expected to fall between those for word-nonword and nonword-word continua.  
 
Table 3.1. Stimulus pairs for lexically-biased and neutral continua. 
 
Stimulus Pair  /t/ Onset /k/ Onset 
Word-nonword (wn) Tased Cazed 
Nonword-word (nw) Taves Caves 
Word-word (ww) Takes Cakes 
Nonword-nonword (nn) Tades Cades 
 
Stimulus development 
A /t/-/k/ continuum was created by wavelet resynthesis in TANDEM-STRAIGHT 
(Kawahara, et al., 2009). TANDEM-STRAIGHT is a program for analyzing, manipulating 
and synthesizing speech, and was selected due to functionality for creating natural-
sounding stimuli. STRAIGHT decomposes speech stimuli into the source (i.e., 
fundamental frequency and an aperiodic representation of the ratio between random 
and periodic components in each frequency band) and filter (i.e., spectral) information. 
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TANDEM is a method for producing temporally static power spectral representations of 
periodic signals, that uses a spectral envelope recovery method termed “consistent 
sampling” (Kawahara et al., 2009). A key feature of TANDEM-STRAIGHT relevant to 
this study is an acoustic morphing function, which was utilized so that two synthesized 
files could be combined, and the input mix for each file could be controlled.  
Following Elman and McClelland (1988), the /t/-/k/ onset continuum was derived 
from the words “tapes” and “capes,” which were not included in the list of stimulus pairs 
in Table 3.1. A total of 19 steps were created using the morphing function in TANDEM-
STRAIGHT. These steps varied by 5-point increments, from 5% to 95% “tapes” (or 95% 
to 5% “capes”). The /te/ and /ke/ morphed onset from each step, consisting of the stop 
release and first three pitch periods of the vowel, were then excised. Additionally, a 
morphed 50/50 blend of each stimulus pair listed in Table 3.1 was created in TANDEM-
STRAIGHT, and the vowel + coda portion was excised from the onset. Stimuli from the 
19-step onset continua were then concatenated in Praat (Boersma & Weenink, 2013) to 
each 50/50 rhyme blend. For example, one endpoint stimulus in the ww (“takes”-
“cakes”) continuum was created with the morphed onset of 5% /t/, 95% /k/, combined 
with the 50%-50% morphed “akes” blend. In all, four continua were created that 
contained identical onsets in each continuum step, and an equal blend of the rhyme 
portion from each stimulus pair in Table 3.1.  
Based on results in the experiments described in Chapter 2, in which the full, 19-
step continua were presented in quiet, a set of the critical crossover data points were 
selected, along with endpoint stimuli. Experiment 3, described in Chapter 2, was 
conducted using a 5-step subset from an alternative set of stimuli. These stimuli 
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included coarticulation cues, which were found to increase the lexical identification shift. 
Considering that stimuli developed here controls for coarticulatory information, it was 
determined that more than 5 continuum steps were needed. However, in order to 
balance the number of continuum steps with the current study design that included 
multiple listening conditions, it was determined that more than 5 steps, and fewer than 
19, would allow participants to complete the experiment within a one-hour time frame. 
Therefore, a subset of 9 continuum steps (1, 4, 6, 8, 10, 12, 14, 16, and 19) was 
selected. This selection is consistent with previous research, in which continua have 
ranged from 5 (Gow et al., 2008) to 13 steps (Chiappe et al., 2001) with a focus on 
obtaining adequate data in the middle of the continuum. Studies that have used stop 
consonant place-of-articulation stimuli included continua ranging from 7 to 9 steps (Fox, 
1984; Reed, 1989).  
Stimuli for the noise-band vocoded (NV) conditions were created using AngelSim 
(TigerCIS) vocoding software (Tigerspeech Technology, Qian-Jie Fu, House Ear 
Institute). Three different NV conditions were determined, with 10-, 16- and 20-
channels, based on listener performance with NV speech in prior research (Dorman et 
al., 2002), and pilot data with these same stimuli. In a previous study with 4-, 6- and 8-
channel NV conditions designed to simulate listening with a cochlear implant, normal 
hearing adults identified open-set words with 50-85% accuracy (Friesen et al., 2001). 
However, preliminary testing with the present stimuli in 4-, 6-, and 8-channel NV speech 
revealed that normal hearing young adults could not reliably identify the onset 
phonemes for endpoint stimuli in the same conditions. Given these data, the number of 
spectral channels was increased in order to convey additional spectral information. 
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Piloting of these stimuli in 10-, 16-, and 20-channel conditions indicated 80% or greater 
accuracy in the identification of endpoint stimuli in the 20-channel condition. Data from 
this pilot, as well as previous research with listener perception for CVC words as a 
function of spectral channels (Dorman et al., 2002), informed our decision for the 
current conditions. Thus, 10-, 16- and 20-channel NV speech conditions were 
determined to be appropriate for measuring the limits of bottom-up processes in a 
phoneme categorization task.  
Procedures 
Participants completed the experiment individually or in groups of up to 4 
persons in the Speech Perception lab in the Department of Communication Sciences 
and Disorders. Upon arrival, participants were given a brief verbal description of the 
experiment and written information in an informed consent document. All participants 
completed a demographic survey (Appendix A). Participants sat at individual work 
stations with a keyboard, mouse, computer monitor and Sennheiser HD-280 Pro 
headphones. Participants were permitted to adjust their volume to a comfortable 
listening level. Detailed verbal instructions were given prior to the start of the 
experiment, and written instructions that included a randomly-ordered list of the words 
and nonwords to be presented was posted at each work station (Appendix C), in order 
to familiarize participants with the stimuli. Additionally, participants could view 
instructions on their monitor by clicking an icon on their computer screen. 
Stimuli were presented via Alvin experiment-control software (Hillenbrand & 
Gayvert, 2005). Participants were instructed to select the onset phoneme for each 
stimulus presented, in a two-alternative forced choice task. Selection was made using 
73 
the computer mouse, by clicking displayed boxes corresponding to /t/ (“T” “tay”) or /k/ 
(“K” “kay”). The experiment was completed in a single session, and each participant 
was presented stimuli in all four conditions: Undistorted (0), 10-channel NV (10), 16-
channel NV (16), and 20-channel NV (20). Stimuli were presented over four blocks, with 
one condition per block. Within each condition, stimuli were mixed and randomly 
presented. The order of conditions was counterbalanced following a Latin square design 
(Table 3.2), and 8 participants were quasi-randomly assigned to each “Stimulus Set” 
(i.e., order of conditions). Within each block, each stimulus was randomly presented 8 
times, for a total of 288 trials per condition (4 continua x 9 continuum steps x 8 
presentations). In sum, there were four conditions, and thus a total of 4 x 288 trials. 
At the start of each block, participants completed two practice sessions in the 
listening condition for that particular block. The practice sessions contained trials in 
which endpoint stimuli from each continuum were presented two times, for a total of 16 
trials in each session. In the first practice session, feedback was given regarding the 
“correct” (/t/ or /k/) response, in the form of a visual cue. There was no feedback during 
the second practice session. Immediately following the second practice session, 
participants proceeded to the first block of trials. After each block, participants were 
offered a break, or they could continue immediately to the next set of experiment trials 
in the next block. Following the second block of trials, however, participants were 
required to take a (minimum) 5-minute break. The total time required to complete the 
experiment was 60 minutes or less. 
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Table 3.2. Study #2: Presentation order of conditions by stimulus set. Conditions are as 
follows: Undistorted (0), 10-channel NV (10), 16-channel NV (16), 20-channel NV (20). 
 
Stimulus Set Condition 
A 0 10 16 20 
B 10 16 20 0 
C 16 20 0 10 
D 20 0 10 16 
 
Analysis 
For individual participant data to be included in analyses, responses with 
endpoint stimuli from the word-word (takes-cakes) continuum, in the Undistorted 
condition, were examined. Averaged responses for steps 19 and 1, /t/ and /k/, 
respectively, were subject to a cutoff accuracy of 90%. Data from 32 out or 36 
participants met this criterion.  
A Bayesian approach to data analysis was utilized in order to estimate the 
parameters of the underlying distribution (Weisstein, n.d.) of identification responses, 
given the data obtained. As such, a model of the data was created by fitting a linear 
regression function to sigmoid transformed %t pooled responses for each participant 
and stimulus continuum, in each condition, in R (R Core Team, 2016) with lme4 (Bates, 
Maechler, Bolker, & Walker, 2015) as follows: 
%𝑡 =  
1
1 + 𝑒𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡+𝑠𝑙𝑜𝑝𝑒×𝑠𝑡𝑒𝑝+𝐺𝑎𝑛𝑜𝑛𝑔 𝑠ℎ𝑖𝑓𝑡
 
The model was fit to data from all four stimulus continua, by condition, 
individually for each participant. For each step in the continua, the model was fit to 
pooled average %t responses for the 8 stimuli for each stimulus pair (ww, nn, wn, nw). 
There was a single best fit slope parameter and intercept parameter based on all four 
continua for each condition. In addition, a “Ganong shift” parameter was included that 
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modeled the predicted lexical shift in the 50% crossover point in the word-nonword 
endpoint conditions (nw and wn). The model of ww and nn continua used a Ganong 
shift value of zero (no shift), while the nw and wn continua used values of +1 and -1 
respectively, meaning the lexical shift is assumed to be a single parameter that is 
symmetric. Therefore, the model consisted of three fitting parameters for each 
condition: a slope, an intercept, and a Ganong shift. A nonparametric measure, the 
Wilcoxon signed-rank test, was used to test for statistical significance of the Ganong 
shift parameter. Slope and 50% crossover point values across participants were also 
examined.  
 
Results 
The average model values in each condition for the y-intercept, slope, the 50% 
crossover point (i.e., phoneme boundary), and the lexical identification shift (LIS), are 
shown in Table 3.3. The LIS between the neutral and lexically-biased continua was 
significant in the 20-channel NV condition, as indicated by a Wilcoxon signed-rank test 
(z=2.07, p=.019). There was no significant LIS in the Undistorted (0) condition (z=0.37, 
p=0.36). There was a negative, though nonsignificant, LIS in the 10-channel (z=1.14, 
p=0.13) and 16-channel (z=0.50, p=0.31) conditions. 
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Table 3.3. Study #2 Summary of Results: Average values for each condition. 
 
Condition Intercept Slope Crossover 
Point 
LIS 
0 (Undistorted) 3.22 -0.32 9.95 -0.01 
20-channel NV 3.17 -0.30 10.65 0.49* 
16-channel NV 2.66 -0.26 10.51 -1.01 
10-channel NV 2.57 -0.26 9.64 -1.25 
 
Lexical Identification Shift by Condition 
Figures 3.1 and 3.2 provide visual displays of the modeled data for all 
participants as %t response by continuum step, for each condition. Both figures include 
a histogram representing the range of the lexical identification shift across participants 
for the respective conditions. As the level of spectral degradation increases from least-
distorted “Condition 0” (no distortion), as shown in Figure 3.1, to most-distorted with 10-
channel NV speech in Figure 3.2, these data reveal a general trend of increased 
variability across participants. This trend is mirrored in the histograms, as shown by 
greater variability in the shift in the more-degraded conditions. To illustrate, the range of 
the LIS in the undistorted and 20-channel conditions, 5.28 and 4.65 continuum steps, 
respectively, increases to 24 and 17.45 steps in the 16- and 20-channel conditions, 
respectively. 
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Figure 3.1. Study #2: Modeled data and lexical identification shift for conditions 0 and 
20. In the top graphs, each function represents modeled data for one participant, 
reflecting %t response by continuum step in the four conditions. Histograms below 
depict the distribution of the lexical shift for all participants in the condition.  
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Figure 3.2. Study #2: Modeled data and lexical identification shift for conditions 16 and 
10. In the top graphs, each function represents modeled data for one participant, 
reflecting %t response by continuum step in the four conditions. Histograms below 
depict the distribution of the lexical shift for all participants in the condition.  
 
 
Select Participants and Model Data 
The modeled data were examined in relation to aggregate responses for %t 
response by continuum step for all participants in each condition. Data for all 
participants are shown in Appendix G. Two participants, whose data represent the best 
(P239; SSE=446.62) and worst (P233; SSE=1412.22) fit with the model are shown in 
Figures 3.3 and 3.4, respectively. Goodness of fit with the model was calculated as the 
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total error sum of squares (SSE) for the four conditions. Consequently, P239 did not 
have the smallest SSE in any condition, compared to all participants, but this 
participant’s SSE total was the smallest. The participant with the largest SSE across 
conditions, P233, also had the largest SSE in two out of four conditions (Conditions 20 
and 16).  
A comparison of the data in Figures 3.3 and 3.4 shows a very different impact of 
spectral degradation across the four conditions between these two listeners. Visual 
inspection of P239’s %t response reveals fairly categorical identification across the 
continuum in the undistorted and least-distorted conditions (Figure 3.3). Responses with 
P233, however, indicate a strong /k/-bias in the 20- and 16-channel conditions, and a /t/-
bias in the 10-channel NV speech condition (Figure 3.4). The order of conditions for 
participant P239 was 0, 10, 16, and 20, and a negative shift was measured in the 20- 
and 10-channel conditions. Participant P233’s order of conditions was 16, 20, 0, and 10. 
This participant’s data show a positive shift in three (0, 20, 10) out of four conditions, as 
well as a lack of identification for endpoint stimuli in the most distorted (16 and 10) 
conditions.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
80 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 wn  nw  ww  nn 
 
Figure 3.3. Study #2: Modeled and aggregate %t response by continua and continuum 
step for the participant (P239) with the “best” fit with the model (SSE=446.62) across 
conditions. Modeled data shown as green and red identification functions for lexically 
biased (wn, nw) continua, with data collapsed for neutral (ww, nn) continua in blue, as 
%t response by continuum step. Aggregate %t responses by continuum step for 
lexically-biased continua are indicated by green (wn) and red (nw) triangles, and neutral 
(ww, nn) continua by blue squares.  
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 wn  nw  ww  nn 
 
Figure 3.4. Study #2: Modeled and aggregate %t response by continua and continuum 
step for the participant (P233) with the “worst” (SSE=1412.22) fit with the model across 
conditions. Modeled data shown as green and red identification functions for lexically 
biased (wn, nw) continua, with data collapsed for neutral (ww, nn) continua in blue, as 
%t response by continuum step. Aggregate %t responses by continuum step for 
lexically-biased continua are indicated by green (wn) and red (nw) triangles, and neutral 
(ww, nn) continua by blue squares.  
 
Slope and Crossover 
Analysis of slope between conditions revealed a significant change in slope, as 
measured by a one-way repeated measures ANOVA (F(3,124) = 6.58, p=.000441, 
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p<.05). A post hoc analysis showed a significant change in slope between the 
undistorted and 16-channel conditions (t=3.66, p <.05), and between the undistorted 
and 10-channel conditions (t=3.53, p<.05). There was no significant difference in 
crossover point (i.e., phoneme boundary) across conditions (F(3,124)=1.51, p=.22). 
This change in slope is visible in Figure 3.1, in which model functions show a decrease 
in slope with conditions of increasing degradation, though functions remain fairly 
symmetrical across the continuum. 
Discussion 
In this study, we sought to establish a measure of the impact of spectral 
degradation on lexical influence in phoneme categorization. Specifically, does the 
lexical identification shift increase as degradation increases in a /te/-/ke/ identification 
task modeled after Ganong’s (1980) design? And, at what level of degradation is lexical 
feedback inhibited? Our hypothesis of an increased LIS in conditions with spectral 
degradation, compared to that in undistorted speech, was not fully supported. We 
obtained some unexpected results, in that a statistically significant LIS was measured in 
only the 20-channel condition, and there was no LIS in the undistorted condition. It is 
worth noting that the data for 19 out of 32 participants in the undistorted condition show 
a positive LIS, indicative of a trend that is consistent with our overall expectations. 
Moreover, the significant LIS in the 20-channel condition also confirms expectations, as 
this indicates that bottom-up processes for phoneme identification were decreased, and 
lexical processes supporting identification of phonemes forming words increased. 
Finally, by comparing results in the undistorted and 20-channel conditions, we can see 
that stimuli ambiguity alone may not elicit measurable lexical influence in phoneme 
83 
perception, but with both ambiguity and signal degradation, there is enhanced top-down 
feedback.   
To answer our second research question, stimuli were presented in three 
different levels of spectral degradation, and we hypothesized that a reduction in the LIS 
would be observed in the most-distorted condition. This hypothesis was partly 
confirmed, in that there was a non-significant negative LIS observed in the 10-channel 
condition, and this was comparable to the negative shift in the 16-channel condition. 
Thus, spectral degradation with NV stimuli processed into 20 channels may signal the 
start of the decline, or “tipping point,” for lexical influence in phoneme categorization. 
This assertion is based on a larger LIS that was measured with a version of these 
stimuli that included more ambiguous continuum steps, as described in Chapter 2 
(Experiment 1), and further explained in Chapter 4. Thus, if 20-channel NV speech truly 
represents the degradation limit at which lexical processes interact with phoneme 
perception in a Ganong task, then the acoustic information in 16- and 10-channel 
conditions is too impoverished for bottom-up processes to lead to lexical activation. 
On the surface, finding a lexical identification shift only in a noise-vocoded 
speech condition is consistent with Burton et al.’s (1989) assumption that the LIS is only 
present with degraded, unnatural stimuli. Based on related research, however, this 
theory is not supported. Pitt and Samuel (1993) found comparable lexical shifts in 
perception between lexically-biased continua that were presented in quiet and noise 
conditions, suggesting degradation played no role in that study. Also, Gianakis and 
Winn (2016) have reported a significant increase in the LIS with noise-vocoded speech, 
which is consistent with our first hypothesis. The large body of research with the LIS 
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suggests this is a robust phenomenon (Connine & Clifton, 1987; Ganong, 1980; Lam et 
al., 2017; Mattys & Wiget, 2011; Miller & Dexter, 1988; Myers & Blumstein, 2008; Pitt & 
Samuel, 1993; Reed, 1987; Stewart & Ota, 2008), though less-robust in some 
conditions (Fox, 1984; Pitt & Samuel, 1993). Chapter 4 contains further explanation 
related to the lack of a lexical identification shift in the undistorted condition in the 
current study. 
Additional Considerations   
This study design took into consideration the task that participants were expected 
to perform with noise-vocoded stimuli, as well as the time involved. As such, a reduced 
number of stimuli were selected from the available continuum, so that participants could 
complete the experiment in one session, within a one-hour time span. Despite these 
considerations, it should be acknowledged that the demands of listening to ambiguous 
speech that has been further degraded through noise-vocoding may have resulted in 
excessive fatigue for the participants. In all, participants completed more than 1200 
trials (including practice trials), with the majority of these in noise-vocoded conditions. 
This repeated exposure to the same stimuli, in three out of four conditions that were 
challenging, may have resulted in excessive strain and fatigue on the listeners, thereby 
compromising the reliability of responses. Conducting this study over multiple sessions, 
and/or imposing additional required breaks between blocks, would help to alleviate this 
fatigue. 
In order to determine if there was a relationship between the LIS and the order of 
conditions, additional analyses were conducted. We looked at first and last conditions, 
as well as easier-to-harder and vice versa, in terms of condition order. There was a 
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general trend showing a larger LIS with later conditions, and when easier conditions 
preceded harder ones, but results were not significant. These observations indicate 
that, when easier stimuli were presented earlier, there was a practice effect over the 
course of the experiment, in terms of priming of lexical processes that contributed to 
larger lexical shifts. It is important to note, however, that practice effects may only 
partially explain this trend, since the presentation order for the stimuli blocks (i.e., 
conditions) in this experiment was not fully balanced. The conditions were ordered 
based on a Latin square design, with eight participants assigned to a specific order of 
conditions. As such, no participants heard stimuli in the order of easiest (undistorted) to 
most difficult (10-channel), and vice versa. Given these circumstances, possible 
confounds may be present in this study, including an inadvertent obscuring of a LIS in 
one or more conditions, and thus better controls for order effects are recommended in 
future experiments. 
A final consideration to be addressed is the variability in the lexical identification 
shift that was observed across the four conditions in this experiment. The only condition 
in which the LIS was significant, 20-channel, also had the smallest range, from -1.8 to 
2.85 continuum steps. The range of LIS was similar, though larger (from -3.12 to 2.16 
continuum steps) in the undistorted condition. The smaller range of LIS values in the 20-
channel condition may be an indication that, in this least-degraded of the spectrally-
degraded conditions, listeners were able to employ a more consistent listening strategy 
when identifying ambiguous stimuli. Listeners have been shown to differentially weigh 
the available cues that can signal place-of-articulation (Repp, 1982), and, despite 
spectral degradation, the 20-channel condition retained salient cues for reliable 
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categorization. In conditions that were more degraded, and subsequently more difficult, 
variability in the LIS increased, from a range of 17.45 steps in the 10-channel condition 
to 24 steps in the 16-channel condition. The larger range in the 16-channel condition is 
attributed to a very large negative shift of -20.38 continuum steps measured in one 
participant (P230). Removal of this outlier from analysis results in a range of 10.8 
continuum steps, which is consistent with a trend of increasing variability with increased 
degradation. Overall, the variability in listener phoneme categorization observed here is 
consistent with prior research with individuals with cochlear implants (CIs) or normal 
hearing participants in simulated CI conditions (Dorman & Loizou, 1997; Desai et al., 
2008; Hedrick & Carney, 1997).  
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CHAPTER 4: GENERAL DISCUSSION AND CONCLUSION 
 
The overall purpose of these experiments was to examine the relationship 
between bottom-up and top-down processes in phoneme perception. More specifically, 
we sought to investigate lexical influences in phoneme categorization, following 
Ganong’s (1980) experimental design, with lexically biased continua of varying cues 
and levels of degradation. To fill a gap in the current literature, stop consonant place-of-
articulation contrasts were selected, and continua with /te/-/ke/ onsets were developed. 
In the first study, stimuli were presented in quiet to test for a lexical identification shift 
(LIS) with two sets of continua that controlled for and included coarticulation cues. A 
significant LIS was found in three separate experiments, with a marked increase in the 
LIS when the stimuli included coarticulatory information. Furthermore, with the stimuli 
reduced to as few as five continuum steps, the LIS was still present. Thus, our findings 
provide further support for interactive processes in speech perception. Both top-down 
(LIS) and bottom up (long-distance coarticulation) effects were found.  
The second study was designed to investigate the LIS in multiple spectrally 
degraded conditions that simulated listening with a cochlear implant. Since the LIS is 
present when acoustic information does not contain clear perceptual cues (i.e., stimuli 
are ambiguous), we posited that further ambiguity due to a distorted signal would result 
in increased reliance on top-down support, and thus a larger LIS. This hypothesis is 
moderated by the fact that the signal must contain enough cues to allow for bottom-up 
processing and activation of lexical candidates, so that lexical activation would not be 
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overly inhibited by distortion. Thus, we also sought to determine the level of spectral 
degradation at which the LIS would not occur, as a measure of interaction limitation 
between bottom-up and top-down processes.  
Outcomes in our second study were less clear than those in the first set of 
experiments, as a significant LIS was measured in only one condition with 20-channel 
noise-vocoded stimuli. The most surprising result found was the absence of the LIS in 
the undistorted condition. In Experiment 1 of our first study, a LIS of 0.84 continuum 
steps was measured with the same stimuli, in the same listening condition. The 
difference between these two experiments, and one that appears to be critical, is the 
number of ambiguous continuum steps that were presented. That is, listeners 
categorized stimuli from the full 19-step continuum in our first study, while a 9-step 
subset of this continuum was used in the second study. By reducing the number of 
stimuli, we were able to include multiple conditions in our second study. However, there 
were fewer ambiguous steps with this continuum, and it likely did not contain adequate 
data points in the ambiguous range. Thus, while a LIS may have been present, one was 
not observed in our data. As noted by Pitt & Samuel (1993), stimuli that are more 
categorical (i.e., those with fewer ambiguous steps) have a less-reliable LIS. Here, 5 out 
of 9 steps were selected that were at or near the middle of the continuum, and 4 steps 
(2 near each endpoint) were selected to provide unambiguous information. The number 
of steps, including those considered to be in the phoneme boundary area, is consistent 
with previous research with both VOT contrasts (Connine & Clifton, 1987; Ganong, 
1980; Pitt & Samuel, 1993; among others), and contrasts with place-of-articulation 
contrasts (Fox, 1984; Reed, 1989). Given the results of this study, however, our 9-step 
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continuum of stop consonant place-of-articulation contrasts was not sufficiently sensitive 
to measure a lexical shift in listener perception. In future studies, with the type of 
phonetic contrast studied here, more steps in the middle of continuum should be 
included to establish a more reliable measure of the LIS.  
There were two additional concerns addressed in post hoc analyses. The first 
examined the relationship between the model “Ganong shift” (i.e., LIS) and crossover 
points in the four experiments. A negative, non-significant relationship was found with 
Experiments 1 and 2 in the first study. There was a significant positive relationship 
between the Ganong shift and crossover in Experiment 3. This finding is consistent with 
the bias for /k/ responses that was observed with these stimuli that included 
coarticulation cues and may be attributed to the presentation of only 5 steps from the 
original 19-step continuum. No relationship was found in the results from the second 
study, which included conditions with spectral degradation. Our second analysis 
included further examination of individual participant data in the undistorted condition of 
Study 2. We sought to determine whether, by removing select participants whose data 
did not represent categorical identification of the stimuli, we would find a significant LIS. 
In all there were 4 participants with slope values greater than -0.2 (i.e., flatter) in this 
condition. Re-analysis without the data for these participants indicated an increase in 
the LIS, but this did not yield a significant result. Thus, overall findings in this condition 
are not attributed to outlying participant data, and this reaffirms our previous assertion 
that additional continuum steps are needed for measurement of a reliable, robust LIS. 
A possible confound that has been previously mentioned but warrants additional 
comment is the effect of word frequency. The dearth of studies with the LIS with stop 
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consonant place-of-articulation contrasts, as well as Elman and McClelland’s (1988) 
established research, led to the selection of a word-initial /te/-/ke/ continuum for 
development. This contrast, however, set limitations on the available word/nonword 
combinations for the lexically-biased stimuli. Presence of a LIS has been shown to be 
more reliable when more frequently occurring words are presented (Pitt & Samuel, 
1993), which is consistent with word-frequency effects in general (Garlock, Walley, & 
Metsala, 2001; Metsala, 1997). The stimuli that were presented in two of our 
experiments (Experiment 1 of the first study, and Study 2), included the word-nonword 
pairing of “tased”- “cazed”, and the nonword-word pair “taves”-“caves”. The word 
frequency of “caves” compared to “tased” may have biased listener responses, in that 
stronger lexical activation would be expected to occur with a more-frequent exemplar 
(i.e., “caves”). The second set of stimuli that included coarticulation cues contained a 
related confound, given the word-like quality of “camed” in the word-nonword pairing 
(“tamed”- “camed”). Thus, this ungrammatical word form may have led to increased 
lexical activation than what would be expected with a better exemplar of a pseudoword.    
A final point to be addressed in these experiments is stimulus development. The 
speech resynthesis program TANDEM-STRAIGHT provides a useful means for creating 
natural-sounding stimuli. The “black box” nature of this resynthesis, however, gives rise 
to questions regarding the absence or presence of specific acoustic cues that signal 
place-of-articulation. This makes interpretation of listener perception difficult to quantify 
in terms of spectral detail in the continuum. Further analysis of these stimuli may yield 
insight into the acoustic information available to listeners, and how that information 
influenced their perception.  
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Future Directions 
One avenue for future study is the lexical identification shift in children, a 
population that has still-developing perceptual and lexical processes. In related 
research with children thus far, those with reading delays have been shown to have a 
larger LIS compared to their typical peers (Chiappe, et al., 2001). In fact, these children 
with reading delays appear to have difficulty with lexical suppression (Lam et al., 2017), 
in that even with endpoint nonwords there is a strong bias for phonemes that form 
words. In children ages 4 to 7, the LIS has been shown to increase (Ota, et al., 2015), 
reflecting maturing auditory systems and language experience. There have been no 
published studies with Ganong (1980) tasks that included children in which noise or 
distortion, such as spectrally-degraded speech, have been utilized. Preliminary data 
collected to date indicates a significant LIS in children’s perception in both quiet and 20-
channel noise-vocoded speech with /te/-/ke/ onset stimuli used in the current study. 
There also appears to be a positive relationship between these children’s vocabulary 
skills and the LIS, though this trend requires further study. Implications from further 
research in this area can provide valuable information related to children’s perception in 
less-than-ideal conditions, including children with hearing loss, and their reliance on 
lexical feedback to resolve bottom-up ambiguity. This statement is supported by recent 
research showing that vocabulary skills support speech perception in children with 
hearing loss who use hearing aids (Klein, Walker, Kirby, & McCreery, 2017).  
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Appendix A: Participant Demographic Survey 
 
 
  
 Participant Demographic Survey 
Have you had an audiological (hearing) screening or exam in the past year?  Yes  No 
If yes, did the results indicate any hearing difficulties?    Yes  No 
If no, do you currently have any hearing difficulties?    Yes  No 
Describe:  __________________________________________________________________ 
___________________________________________________________________________ 
Are you a native speaker of English?       Yes  No  
Were you exposed to any language(s) other than English as a child?   Yes  No 
 If yes, describe the level of exposure and your skill level with that language (Ex: “Regular interaction with 
grandfather who speaks Spanish. I understand him but do not speak the language.”): 
_________________________________________________________________________________ 
_________________________________________________________________________________  
_________________________________________________________________________________  
Are you:   Under 40 years of age  40+ years of age 
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Appendix B: Study #1: Experiment Instructions 
 
Speech Perception Experiment Instructions 
 
In this experiment you will hear the following words (takes, caves, tased, cakes) 
and nonwords (cades, taves, cazed, tades) that begin with /t/ “tay” or /k/ “kay” 
sounds. After listening to each stimulus, use the mouse to click the “T” button if 
you hear “tay” or the “K” button if you hear “kay” as the beginning sound of each 
item. Some of the words/nonwords may sound clear, others may be less clear, 
and some will sound noisy or distorted. With more difficult stimuli, choose the 
option (“T” or “K”) that best matches what you hear. You should respond as 
quickly as possible, but without sacrificing accuracy. You can answer as soon as 
the item is done playing. If you accidentally click “T” when you meant “K” (or vice 
versa), just click the “Back Up” button to repeat that item.  
 
The stimuli are divided into two sets, each with 304 trials. Prior to the first set, 
you will have two short training sessions, each with 16 trials. In the first training 
session, the “correct” button* will blink briefly after you have responded. The 
second training session provides additional practice, but without feedback.  
 
*Please note: Even though the first practice session provides feedback regarding 
the “correctness” of your selection, this is just a guideline. Responses will be 
analyzed based on your perception of the stimuli, and there are no “wrong” 
answers. One of the goals of this experiment is to simply measure what you 
perceive. 
 
After the first set of trials, you are encouraged to take a break. When you are 
ready to continue, click the “Start” button to complete the next set of experimental 
trials. Each set of trials should take 10-15 minutes, for a total time of 20-30 
minutes. When you are finished, please remove your headphones and if you are 
part of a group, please wait quietly until all participants are done. 
 
Your time and attention to this experiment is greatly appreciated. Thank you! 
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Appendix C: Study #2: Experiment Instructions 
 
Speech Perception Experiment Instructions 
In this experiment you will hear the following words (takes, caves, tased, cakes) 
and nonwords (cades, taves, cazed, tades) that begin with /t/ “tay” or /k/ “kay” 
sounds. After listening to each stimulus item, use the mouse to click the “T” 
button if you hear “tay” or the “K” button if you hear “kay” as the beginning sound 
of each item. Some of the words/nonwords may sound clear and others may be 
less clear. With more difficult stimuli, choose the option (“T” or “K”) that best 
matches what you hear. You should respond as quickly as possible, but without 
sacrificing accuracy. You can answer as soon as the item is done playing. If you 
accidentally click “T” when you meant “K” (or vice versa), just click the “Back Up” 
button to repeat that item.  
 
The experiment is divided into 4 blocks of stimuli, with 288 trials in each block. At 
the beginning of each block, there will be two practice sessions of 16 trials each*. 
You are encouraged to take a break between blocks. After the second stimuli 
block, you will be required to take a 5-minute break. Just click "Start" when you 
are ready to begin the next block. Completing all trials may take up to 60 
minutes. When you are finished, please remove your headphones. If you are 
participating in a group, please wait quietly until all participants are done. 
 
*Please note: Even though the first practice session in each block provides 
feedback regarding the “correctness” of your selection, this is just a guideline. 
Responses will be analyzed based on your perception of the stimuli, and there 
are no “wrong” answers. One of the goals of this experiment is to simply measure 
what you perceive. 
 
Your time and attention to this experiment is greatly appreciated. Thank you! 
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Appendix D: Study #1 Experiment 1 Individual Participant Modeled and Actual Data 
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Appendix D: Study #1 Experiment 1 Individual Participant Modeled and Actual Data 
(Continued) 
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Appendix D: Study #1 Experiment 1 Individual Participant Modeled and Actual Data 
(Continued) 
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Appendix D: Study #1 Experiment 1 Individual Participant Modeled and Actual Data 
(Continued) 
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Appendix D: Study #1 Experiment 1 Individual Participant Modeled and Actual Data 
(Continued) 
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Appendix E: Study #1 Experiment 2 Individual Participant Modeled and Actual Data 
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Appendix E: Study #1 Experiment 2 Individual Participant Modeled and Actual Data 
(Continued) 
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Appendix E: Study #1 Experiment 2 Individual Participant Modeled and Actual Data 
(Continued) 
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Appendix E: Study #1 Experiment 2 Individual Participant Modeled and Actual Data 
(Continued) 
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Appendix F: Study #1 Experiment 3 Individual Participant Modeled and Actual Data 
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Appendix F: Study #1 Experiment 3 Individual Participant Modeled and Actual Data 
(Continued) 
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Appendix F: Study #1 Experiment 3 Individual Participant Modeled and Actual Data 
(Continued) 
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Appendix F: Study #1 Experiment 3 Individual Participant Modeled and Actual Data 
(Continued) 
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Appendix F: Study #1 Experiment 3 Individual Participant Modeled and Actual Data 
(Continued) 
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Appendix F: Study #1 Experiment 3 Individual Participant Modeled and Actual Data 
(Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
 
  
128 
Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
 
  
131 
Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
 
  
135 
Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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Appendix G: Study #2 Individual Participant Modeled and Actual Data (Continued) 
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